. Wang, Xiao-Fan

GRANT NUMBER DAMD17-94-J-4065

TITLE: The Roles of TGF-Beta and TGF-Beta Signaling Receptors
in Breast Carcinogenesis

PRINCIPAL INVESTIGATOR: Xiao-Fan Wang, Ph.D.

CONTRACTING ORGANIZATION: Duke University Medical Center
Durham, North Carolina 27708

REPORT DATE: July 1997

TYPE OF REPORT: Annual

PREPARED FOR: Commander
U.S. Army Medical Research and Materiel Command
Fort Detrick, Frederick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for public release;
distribution unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

DTIC QUALITY THx

19971215 (16

Giah &




Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for revigwing.instructions,_searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments re%ardln this burden estimate or any ather aspect of this
collection of information, including sug%}estlons for reducing this burden, to Washington Headquarters Services, Directorate Tor Information Operations and Reports, 1215 Jefferson

Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) }2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

July 1997 Annual (1 Jul 96 - 30 Jun S97)
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
The Roles of TGF-Beta and TGF-Beta Signaling Receptors
in Breast Carcinogenesis DAMD17-94-J-4065

6. AUTHOR(S)

Xiao-Fan Wang, Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Duke University Medical Center
Durham, North Carolina 27708

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
Commander AGENCY REPORT NUMBER
U.S. Army Medical Research and Materiel Command
Fort Detrick, Frederick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT ‘ . 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited

13. ABSTRACT (Maximum 200

The overall goal of this research project is to explore the roles of TGF-8 and components of
its signaling pathways in the initiation, progression and metastasis of breast adenocarcinomas
through an investigation of the disregulation of TGF-8 signal transduction. Last year, we identified
and isolated three cDNAs encoding members of the Smad family and studied the TGF- induced
phosphorylation of these molecules in a normal mammary epithelial cell line. Subsequently, we
have focused on the functional role of Smad3 and Smad4 as tumor suppressors in mediating the
TGF-8 signal in transactivating downstream target genes. We have also continued our investigation
on the mechanism by which TGF-8 activates the expression of cyclin-dependent kinase inhibitor
p15 gene in MCF7 cells as well as the importance of a paracrine loop mediated by the interactions
between mammary epithelial and fibroblst cells. Results from further analysis in these directions
will not only significantly contribute to an understanding of the molecular events leading to breast
carcinogenesis, but also aid in the development of new therapeutics for breast cancer.

14. SUBJECT TERMS 15. NUMBER OF PAGES

Breast Cancer, TGF-beta, Signal Transduction _
16. PRICE CODE

17. SECURITY CLASSIFICATION [18. SECURITY CLASSIFICATION |19. SECURITY CLASSIFICATION |20. LIMITATION OF ABSTRACT|
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18
298-102




Wang, Xiao-Fan

FOREWORD

Opinions, interpretations, conclusions and recommendations are
those of the author and are not necessarily endorsed by the U.S.
Army.

~X, Where copyrighted material is quoted, permission has been
obtained to use such material.

X Where material from documents designated for limited
distribution is quoted, permission has been obtained to use the
material.

Y ~Citations of commercial organizations and trade names in
this report do not constitute an official Department of Army
endorsement or approval of the products or services of these
organizations.

¥ In conducting research using animals, the investigator(s)
adhered to the "Guide for the Care and Use of Laboratory
Animals," prepared by the Committee on Care and Use of Laboratory
Animals of the Institute of Laboratory Resources, National
Research Council (NIH Publication No. 86-23, Revised 1985).

Y  For the protection of human subjects, the investigator(s)
adhered to policies of applicable Federal Law 45 CFR 46.

N In conducting research utilizing recombinant DNA technology,
the investigator(s) adhered to current guidelines promulgated by
the National Institutes of Health.

¥ In the conduct of research utilizing recombinant DNA, the
investigator(s) adhered to the NIH Guidelines for Research
Involving Recombinant DNA Molecules.

¥ In the conduct of research involving hazardous organisms,
the investigator(s) adhered to the CDC~-NIH Guide for Biosafety in
Microbiological and Biomedical Laboratories.

~ - —

oo 7/ 7757
PI - Signature Date




Wang, Xiao-Fan

Table of Contents

Cover Page 1
Report Documentation Page 2
Foreword 3
Table of Contents 4
Introduction 5-7
Progress Report (Body) 8-13
Conclusions 14
Figures 15-22
References 23-25
Appendix 26




A. INTRODUCTION

Breast cancer is the most common cancer in women in the United States. Endocrine therapy
has proven to be beneficial in approximately one-third of breast cancer patients. However, the
tumors inevitably progress to a state of hormone insensitivity and no longer respond to
conventional endocrine therapies. Therefore, it is necessary to identify other molecular markers to
monitor the pathological process of the disease in order to better evaluate patient prognosis and to
elucidate molecular mechanism of breast cancer initiation, progression and metastasis in order to
develop new reagents for subsequent treatments. The proposed study of TGF-3 growth inhibitory
signaling pathways in breast carcinogenesis will significantly benefit both of these purposes.

The overall goal of this research project has been to explore the roles of TGF- and
components of its signaling pathways in the initiation, progression and metastasis of breast
adenocarcinomas through an investigation of the disregulation of TGF- signal transduction.
While breast cancers almost exclusively originate in epithelial cells, they cannot develop
significantly without manipulating and recruiting the activities of surrounding vasculature, matrix
proteins, and stromal components. Of particular importance to the genesis and progression of
breast cancers are the stromal/epithelial interactions, as these interactions have been found to be
important to both neoplastic and normal development of mammary tissue (10). Normal growth of
breast epithelium is tightly regulated by a complex system of negative and positive autocrine and
paracrine controls. Involved in this control are the growth promoting factors such as the hormones,
estrogen and progesterone, the IGFs, and the growth inhibiting factors such as the TGF-8s.
Although it is known that tissue growth homeostasis is maintained by communication between the
stromal and epithelial cells, the molecular details of these interactions are poorly understood. It is
clear, however, that aberration of this homeostasis can lead to the development of a neoplastic
state.

TGF-Bs are a group of multifunctional polypeptide hormones which play important roles in
many normal cellular functions including the regulation of proliferation, differentiation,
extracellular matrix formation, cell adhesion and migration (32,40). Additionally, TGF-8 acts to
inhibit the proliferation of a variety of cell types, including breast epithelium, by playing a pivotal
role in maintaining negative autocrine and paracrine loops (45). Therefore, lesions to TGF-
signaling pathways that disrupt the negative growth regulation of breast epithelia may contribute to
mammary carcinogenesis and represent an obligatory step in neoplastic progression of breast
epithelia. Indeed, loss of TGF-8 responsiveness of MCF-7 breast cancer cells has been shown to
correlate with a loss of expression in these cells of the TGF- signaling receptors (46). Loss of
such autocrine control by TGF- represents an opportunity for malignant epithelia to increase
proliferation in response to other positive growth factors, like IGF, and hormones, like estrogen.

Elucidation of signaling mechanism by the TGF-8 receptor complex and the discovery of a
molecular link between the TGF- signal and the cell cycle control machinery have significantly
advanced our knowledge of the molecular nature of the TGF- growth-inhibitory signaling
pathway. However, the intracellular signaling cascade through which TGF- signals remains
largely unknown. A number of molecules which interact with the receptor kinases and serve as in
vitro substrates have been isolated through the two-hybrid system in yeast (6,21,51,52). The
functional significance of those interactions, however, remains mostly unknown since the
phosphorylation events have not been observed to be regulated by TGF-8 in vivo and there is no
indication of how these interacting molecules could potentially be involved in TGF-8 signaling.

Genetic analyses in Drosophila and in the nematode C. elegans have led to the isolation of
TGF-B-like pathway components, including ligands and receptors which are homologous to those
identified in vertebrates (24). In Drosophila, DPP, the best characterized gene implicated in the
regulation of cell fate throughout fly development, is a member of the TGF- superfamily (37,50).
The function of DPP in Drosophila can be substituted by its most closely related mammalian
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homologs in the family, BMP2 and BMP4 (33). Recently, a gene termed MAD (Mothers against
dpp) was isolated in a screen for modifiers of DPP activity (44). Functional studies demonstrated
that MAD is required for DPP activity in many aspects of development and it acts downstream of
the DPP receptor (35,53). Similar studies in C. elegans resulted in the isolation of three MAD
homologs, SMA-2, SMA-3, and SMA-4, which potentially serve as downstream effectors in the
TGF-B-like signaling pathway in that organism, since mutations in these genes cause the same
mutant phenotype as the mutant receptors of the TGF-8-like ligands (41,43). Evidence which
further supports the notion that the MAD and SMAs (this group of molecules have recently been
renamed Smads (12)) are involved in the signaling pathways for the family of TGF-8 ligands came
from the isolation of Smad homologs in Xenopus, mouse, and human (33).

To this end, we and others have demonstrated that Smads undergo phosphorylation and
accumulate in the nucleus in response to TGF-B and its family members (2,14,19,27,29,30). The
phosphorylation is catalyzed by the type I receptor kinases and the phosphorylation sites have been
mapped to a few serine residues in the C-terminal portion of Smadl and Smad2, though the
corresponding highly conserved sites in Smad3 and Smad5 most likely serve the same function as
recipient residues for phosphorylation (25,30,56). Based on available evidence on the kinase-
substrate specificity demonstrated so far, it appears that Smad2 and Smad3, which share 92%
sequence identity, are likely mediators for the TGF- signal, whereas Smadl and Smad5, which
share the same high level of sequence identity, act as effectors for the BMPs, members of the
TGF-B superfamily. Smad4, on the other hand, is shared as a partner for the formation of
heteromeric complexes with the other members of the Smad family (26). This line-up of specificity
is consistant with that defined in the Xenopus system (2,15,26,47). At the functional level, genetic
analyses performed in humans suggest that the Smad proteins may play important roles in the
inhibition of cell proliferation, a hallmark of TGF- function. Genes encoding two members of the
Smad family, DPC4 (Smad4) and MADR?2 (Smad?2) have been localized to chromosome 18q21 in
humans and found to be either deleted or mutated in a majority of human pancreatic cancers, certain
colon carcinomas, and a variety of other types of human cancers including breast cancer
(3,14,17,23,34,39,42,48), suggesting that the Smads function as tumor suppressor genes. At the
molecular level, the Smads may function to participate in transcriptional activation once they enter
the nucleus, since it has been observed that the C-terminal domains of a number of Smads display
transcriptional activity when bound to DNA via a GAL4 DNA-binding domain (29). This activity
is eliminated by hot spot nonsense or missense mutations found in various Smad alleles, including
a few mutant Smad4/DPC4 and Smad2/MADR?2 alleles associated with human pancreatic and
colon cancers (14,29), evidence strongly suggesting that the transcriptional activity of Smads is
directly linked to their tumor suppressing or growth inhibitory activities. It is important to point out
that the tumor suppressing activity of Smads could well be also associated with their involvement
of regualtion of cell-cell and cell-matrix interactions as disruption in these biological processes
could contribute to tumor growth.

In a separate study, the wild type Smad3 and Smad4 were found to activate transcription
synergistically, in a TGF-8 independent fashion, from the promoter of plasminogen activator
inhibitor-1 (PAI-1) gene, a known target for the TGF- mediated regulation of extracellular matrix
formation (56). As discussed in more detail below, we have extended this type of study further to
show that Smad3/Smad4 complex could physically interact with specific DNA response elements
in both the PAI-1 and collagenase promoters. Though we have demonstrated that the Smad3/4
complex interacts with DNA directly, both TGF-8 and Smad3/Smad4 overexpression induced
transcription activation still need the activity of the APl complex, at least in the case of the
collagenase promoter. While the mechanism by which Smads and AP1 work concertedly to
activate transcription remains to be elucidated, these findings are consistent with an earlier
observation that Smad2 was found to be associated with another DNA-binding transcription factor
FAST1 in the Xenopus system (7).
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As described in the last year's Annual Report, we have continued studies on the
examination of specific TGf- gene responses and growth responses, and the modulation of these
effects by the steroid hormones in breast cell lines (outlined in Specific Aim 3). We have
established a breast cell culture system to examine the interactions between the negative growth
promoting pathway induced by TGF-8 and the positive signaling pathway(s) of the steroid
hormones. We have maintained three separate MCF7 breast cancer cell sublines for our study of
TGFb growth effects. MCF7 cells are ideal for our studies as they are still responsive to hormones
and cytokines, thus representing an early stage of breast cancer. As breast cancers progress, the
cells involved typically become resistant to both positive and negative growth factors which makes
these later stage cancers immune to standard therapeutic methods. However, in mammary
epithelium that is still responsive to growth factors, TGF-§ acts primarily as an inhibitor of cell
proliferation. We have identified several MCF7 breast cancer cell lines that show a 90% growth
inhibition after TGF-B addition and a 10-fold proliferation increase after addition of steroid
hormones. We have verified that these growth effects are due solely to TGF- and estrogen by
using the breast cancer cell line, SKBR3, as a negative control. The SKBR3 line represents a late
stage cancer since it is known to have lost responsiveness to the signalling pathways of hormones
and cytokines. Our cell culture system has revealed a point of interaction between the two opposing
signals. When MCF7 cells are exposed to both TGF-8 and estrogen, the growth of the treated cells
is intermediate between the two effects alone. The cells are neither fully growth inhibited as if by
TGF-8 alone nor are they fully responsive to the growth-promoting signal from estrogen Thus,
the presence of estrogen blocks the TGF-B-growth inhibition, yet TGF-8 blocks the full effect of
estrogen-induced proliferation, resulting in a net 5-fold proliferation of the cells.

To determine the mechanism by which these two growth regulators interact, we have
initially focused our attention on the cell cycle regulators (a part of this research was reported in the
last year's Annual Report). In other cell systems, the down regulation of the G1 cyclin dependent
kinases (specifically cdk2 and cdk4) and their cyclin partners (especially cyclin E) contribute to the
growth inhibitory effects of TGF-B. The G1 cyclins and cyclin dependent kinases (cdk's) play an
essential role in the progression of a cell through the G1 phase of the cell cycle. Regulation does
not occur solely by alterations in the cyclin/cdk expression levels. In recent years, treatment of
different types of cells with growth-inhibiting substances such as TGF- cause the increased
accumulation of factors called cyclin dependent kinase inhibitors (CkI's) which inhibit cyclin/cdk
activity. TGF-8 has been shown to suppress the growth of several different cell types by inducing
the expression of various cyclin/cdk inhibitors including, p15 (18), p21 (11), and p27 (38,49).

The IGFs have been extensively characterized and have been shown by several groups to
be potent mitogens for breast epithelial cells. The importance of the IGFs in breast cancer has been
supported by studies in MCF7 cells demonstrating that antibodies against the type I IGF receptor
(recognized by both IGFs) block the mitogenic effects of both IGFs (10). Furthermore, type I IGF
receptor antibodies reduce the formation of mammary tumors grown in nude mice (1). The stromal
fibroblasts are the main source for IGF production in mammary tissue, emphasizing their
importance in the development of breast tumors. TGF-8 has been found to induce the expression
of insulin-like growth factor binding protein 3 (IGFBP3) in a variety of cell types, including
fibroblasts and breast cancer cells (16,20,31). IGFBP3 belongs to a family of secreted proteins
that modulate and suppress the growth-stimulatory effects of IGF1 and IGF2 (4,8,36). By binding
to the IGFs with high affinity, the IGFBPs play pivotal roles in regulating the availability and
bioactivity of the IGFs. IGFBP3 is expressed in most adult tissues, including mammary tissue,
and it represents the major circulating IGFBP in adults (13). We intend to test the hypothesis that a
stromal/epithelial paracrine loop exists between TGF-8, IGF1, and IGFBP3.




B. PROGRESS REPORT

In the last twelve months, our work has been focused on two main areas: examination of
the functions of Smads, components of the TGF-8 signaling pathway, in the mediation of TGF-8
signal in transactivating downstream target genes; and determination of mechanism by which TGF-
B regulates the growth of breast epithelial cells through the transcriptional activation of the cyclin-
dependent kinase inhibitor p15 gene in MCF7 cells as well as the regulation of expression of IGF
binding protein, IGFBP3. The progress in these areas are reported below.

B1. Smad3/Smad4 activates the p3TP-Lux reporter by forming a DNA-binding
complex.

As discussed in the Introduction, Smad2 and Smad3 have been respectively shown to
activate transcription from the PAI-1 promoter, when co-overexpressed with Smad4/DPC4
(26,56). This has led to the hypothesis that Smad2 and Smad3 in combination with Smad4 play
specific roles in TGF- regulated transcription from these promoter constructs. To examine the
molecular nature of Smad-dependent transcriptional activation, we chose to use p3TP-Lux, a
luciferase reporter which is a well described and widely used artificial promoter construct
empirically designed to have maximal responsiveness to TGF-8. p3TP-Lux has a 31-nucleotide,
AP1-site containing region of the collagenase promoter, concatamerized 5' to an ~400 nucleotide
region of the PAI-1 promoter (Fig. 1A). Consistent with previous findings, we observed a
transcriptional activation of p3TP-Lux by both Smad3/Smad4 co-overexpression and TGF-8
treatment in CCL64 Mvl1Lu cells (Fig. 1B). In contrast, Smad2 fails to activate transcription of
p3TP-Lux when co-overexpressed with Smad4. To define the Smad responsive region of p3TP-
Lux, we created a reporter construct comprised only of the 31-nucleotide APIl-site containing
region concatamerized 5' to a minimal promoter. This 4X WT reporter (Fig. 1A) is not only TGF-
B-responsive, but is also activated in response to Smad3/Smad4 co-overexpression (Fig. 1C).
Thus, this 31-nucleotide repeat contains a DNA sequence which is both TGF-8 and Smad
responsive.

To determine if Smad3/Smad4 co-overexpression changes the DNA-binding complexes on
this 31-nucleotide fragment, we performed electrophoretic mobility shift assays (EMSAs) using a
probe consisting of two copies of the 31-nucleotide repeat cut from p3TP-Lux, termed the 2.0
probe (Fig. 2A). When EMSAs were performed using this probe and extracts derived from COS
cells co-transfected with epitope tagged Smad3 and Smad4 (Fig. 1D), we observed not only an
AP1 containing complex (Complex I), but also a strong additional binding complex (Complex II,
Lane 6). Overexpression of Smad3 alone produces a lower level of a complex with similar mobility
(Lane 3). Likewise, overexpression of Smad4 produces a complex with similar mobility, as well
as a slightly faster migrating complex (Lane 4). In contrast, Smad2/Smad4 co-expression does not
produce this complex, but appears similar to Smad4 alone (Lane 5).

One possible explanation for these observations is that Smad3 and Smad4 form a DNA
binding complex. Overexpressed Smad3 alone or Smad4 alone could bind DNA with their
endogenous Smad partner, whereas co-overexpression would produce a large amount of
Smad3/Smad4 binding complex. To test this hypothesis, supershift analysis was performed to
determine if HA-tagged Smad3 or Flag-tagged Smad4 are present in the additional binding
complex (Complex II). As shown in Figure 1E, both HA and Flag antibodies supershift this
complex (Lanes 7, 12 and 13). As expected, a Pan-Fos family member antibody supershifts the
faster migrating AP1 complex (Lane 2). This antibody, however, does not shift the Smad3/Smad4
complex (Lane 8), suggesting that although the constitutive binding activity contains a Fos family
member, the Smad3/Smad4 complex does not. Finally, the complexes observed with Smad4
overexpression are all Smad4 containing as demonstrated by Flag supershifts (Lane 5). Thus,
Smad3 and Smad4, when overexpressed, participate in a DNA binding complex on sequences
present in this region of p3TP-Lux.




Recently, the BMP-inducible phosphorylation sites of Smadl and the TGF-B-inducible
phosphorylation sites of Smad2 have been identified (25,30). Smad3 contains analogous sites of
phosphorylation at its C-terminus and has recently been shown to be phosphorylated at those sites
in response to TGF-B (H. Lodish, personal communication). Based on this information, we
created a phosphorylation deficient mutant of Smad3, Smad3MT, and assayed its ability to
participate with Smad4 in a DNA binding complex. Although the expression levels were similar to
wild-type Smad3, Smad3MT was unable to form a DNA binding complex with Smad4 (Fig. 1D,
Lane 7). The results with this mutant suggest that an intact carboxyl-terminus of Smad3 is essential
for formation of the DNA binding complex. This mutation possibly interferes with the ability of
Smad3 to form a heteromeric complex with Smad4 and thus precludes formation of the DNA-
binding complex.

B2. Smad3/Smad4 complex binds to a bipartite site through the DNA-binding
activity of Smad4

To more precisely determine the DNA sequences to which the Smad3/Smad4-containing
complex binds, we systematically mutated the 2.0 probe (Fig. 2A). As expected, mutation of the
AP1 binding sites eliminated the Fos-containing shifted complex. The Smad3/Smad4 complex,
however, was still present on the AP1 site mutant probe, although in somewhat decreased amounts
(Fig. 2B, Lane 3). This further suggests that the Smad3/Smad4 complex is not binding through
AP1. We next designed three separate scanning mutants to encompass the entire 2.0 probe in
search of the specific sequence which confers Smad3/Smad4 binding (Fig 2A). As shown in
Figure 2B, scanning mutant #1 eliminates both the AP1 and the Smad3/Smad4 complexes, while
scanning mutant #2 specifically eliminates the Smad3/Smad4 complex leaving the AP1 complex
intact. Scanning mutant #3 has no effect on the binding of either complex. Thus, the region
necessary for Smad3/4 complex binding lies within the bases mutated in scanning mutants #1 and
#2.

Methylation interference was then used to more precisely define which guanine residues
within the 2.0 probe are contacted by the Smad3/Smad4 complex. The results confirm the
mutagenesis results in that there is a single protected guanine residue that is located within the
region predicted by the scanning mutagenesis (data not shown). Both sites of this two site probe
have almost completely protected guanine residues. This suggests that both sites are being
contacted in this single Smad3/Smad4 complex. Mutation of 6 nucleotides surrounding this
protected guanine (GACACC) in either the 5' or 3' site of the 2.0 probe was sufficient to eliminate
Smad3/Smad4 binding (data not shown), further indicating the requirement of a bipartite site for
Smad3/Smad4 complex formation. In addition, a probe containing only one of these 31-nucleotide
repeats (one half of the probe used in these experiments) was completely unable to bind the
- Smad3/Smad4 complex in EMSA assays (data not shown).

We next sought to determine if either Smad3 or Smad4 themselves were directly binding
this DNA sequence. To determine this, we generated GST fusions of both proteins and used these
purified reagents in EMSA with the 2.0 probe. Although Smad3 is incapable of binding, GST-
Smad4 directly binds the 2.0 wild type and AP1 mutant probes, but does not bind the 2.0 Smad
binding site mutant probe (Fig. 3). Thus, the complex seen on Smad3/Smad4 co-overexpression
may be the result of a direct DNA interaction by Smad4. Although Smad4 binds directly to this
DNA sequence, Smad3 may modulate its binding affinity or affect its binding specificity. An
altered specificity of Smad4 in complex with different Smads may explain why Smad2/Smad4
complexes do not bind this sequence, but Smad3Smad/4 complexes do. The ability of Smad4 to
directly bind this DNA sequence also explains the additional shifted complex observed when
Smad4 is overexpressed alone in COS cells (Fig. 1D, E, Lane 4). That complex is most likely
Smad4 bound without endogenous Smad3, which is further supported by the ability of the Flag
antibody to shift this complex (Fig. 1E, Lane 5).




B3. Smad3/Smad4 induced transcriptional activation requires the presence of AP1
sites

All experiments described to this point have been performed in the context of Smad over-
expression. We next looked in vivo for a Smad containing DNA-binding complex. Ideally, such a
complex would be predicted to be TGF-8-inducible and phosphorylation dependent. EMSAs were
performed using the 2.0 probe and nuclear extracts prepared from either TGF-8 treated or untreated
MvliLu cells. In the absence of TGF-f treatment, MvlLu cells contain a constitutive Fos-
containing binding complex similar to the Fos complex in COS cells (Fig. 4C, Lane 2). Upon
TGF-8 treatment, a slower migrating complex appears within 5 min, peaks in 15 min and
disappears after 4 hrs. (Fig. 4A). This time course parallels the TGF-8-dependent phosphorylation
kinetics of endogenous Smad proteins (55). The inducibly bound complex is sensitive to
phosphatase treatment, suggesting that its binding is phosphorylation dependent (Fig. 4B).
Finally, the presence of Smad4 in this TGF-8 inducible complex was confirmed by supershift
analysis with a Smad4-specific antibody (Fig. 4C, Lane 5). Unfortunately, our Pan-Smad
antibodies which recognize Smad1, 2, 3 and 5 could not supershift either the endogenous Smad4-
containing complex nor the Smad3/4 overexpressed complex from COS cells because of their
relatively low affinity for Smad3 (data not shown). Therefore, we cannot unequivocally show that
‘Smad3 is a component of the TGF-B-inducible shifted complex in Mv1Lu cells. However, the
inducible complex comigrates with the Smad3Smad/4 complex from COS lysates (data not shown)
and shares an identical binding site within the 2.0 probe as revealed by gel shift analysis using the
panel of 2.0 probe mutants (data not shown). These data combined with the fact that no other
Smad in combination with Smad4 from COS lysates is able to bind the 2.0 probe, provides strong
evidence that the inducible complex in Mv1Lu cells contains Smad3 and Smad4.

Having identified the specific region of the 2.0 probe which was capable of conferring
Smad3/Smad4 binding, we examined the functional consequences of Smad binding site and AP-1
site mutations in the context of the 4X WT reporter in Mv1Lu cells. The results indicate that the
APl sites are critically important for induction by both TGF-B and Smad3/Smad4 co-
overexpression (data not shown). Surprisingly, mutation of the Smad binding site had no effect on
induction by TGF- or by Smad3/Smad4 co-overexpression.

The apparent dispensability of the Smad binding site within this reporter could be explained
in several ways. Smad complex binding may have effects which are not assayed in these transient
transfection experiments. If, for example, Smad binding plays a role in the recruitment of other
transcription factors to adjacent sites (e.g. AP1), or in re-arrangement of chromosome structure to
provide accessibility of other transcription factors to their binding sites, an effect in a transient
transfection assay may be difficult to observe. The transient nature of Smad binding would be
consistent with this type of role in transcriptional activation. Alternatively, in the context of our
promoter constructs, Smad binding may not be required, but in other promoter contexts, Smad
. binding may be essential. Although the functional consequences of Smad binding remains
uncertain, we have clearly demonstrated that Smad3/Smad4 co-overexpression can activate
transcription through AP1 binding sites. This raises the possibility that the Smads have at least two
separable functions. One is a direct effect through its sequence specific DNA binding. The second
is a potentially more indirect effect to activate AP1-mediated transcription, perhaps through
interactions with specific TAFs, and may explain the widely observed phenomenon that TGF-8 can
activate transcription through AP1 binding sites.

B4. The PAI-1 promoter contains binding sites for Smad3/Smad4
Our finding that overexpressed Smads can bind to DNA in a sequence specific fashion

prompted us to determine if the promoters of other potentially Smad regulated genes contain similar
sequences. Naturally, we chose the PAI-1 promoter as a part of it is contained in the p3TP-Lux
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reporter construct and the promoter per se is shown to be activated by overexpression of both
Smad2/Smad4 and Smad3/Smad4 (26,56). By using the same approach as described above, we
have found a region of the PAI-1 promoter to contain a Smad binding site which is similar to the
one found in p3TP-Lux. As shown in Fig. 5A, the result of EMSA using COS cell lysates
demonstrates that a complex consisting of Smad3/Smad4 is formed upon the probe derived from
the PAI-1 promoter (Fig. 5B). We are currently in the process of performing an in vitro foot-
printing experiment, using bacterially produced Smad3 and Smad4 proteins, to map precisely the
binding sequences by following a standard procedure. These in vitro binding assays have been
aided by our findings that Smads appear to have a high tendency to form homomeric and
heteromeric complexes when they are overexpressed in COS cells or generated as fusion proteins
in bacterial and mixed together in test tubes, which is consistent with the recently published results
of Smads interactions in the yeast system (54). Consequently, many of the in vitro experiments in
the proposal will take advantage of this feature of Smad proteins by using COS cell lysates or
GST-fusion proteins.

Meanwhile, we are conducting a scanning mutagenesis of this promoter region, combined
with a functional analysis of the Smad binding sites by testing the TGF-B and Smad3/Smad4
responsiveness of various mutants of the PAI-1 promoter in the same way as was done for the
p3TP-Lux reporter construct in Mv1Lu and human keratinocyte HaCaT cells. The immediate goal
is to define precisely the DNA sequences recognized by the Smad3/Smad4 complex and determine
if the binding site plays a role in mediating the transactivating signal of TGF-8/Smads in the
transient transfection functional assay.

As discussed above, the activity of AP1 is required for the TGF-3/Smads mediated
transactivation in p3TP-Lux. There is one putative AP1 consensus site identified previously in this
400 bp region of the PAI-1 promoter (22), but whether it functions as a true AP1 complex binding
site remains to be determined. We will perform the same type of experiments for the identification
of Smad3/Smad4 binding sites to identify the AP1 sites responsible for the mediation of TGF-
/Smads transactivating signal.

BS. Create a Smad3 homozygous null mouse through targeted gene disruption.

Most of our experiments intended to elucidate the molecular mechanism of Smad/TGF--
mediated signal transduction have been done in tissue culture cells. However, these experiments
may not reveal some of the potential physiological roles of Smads in vivo, particularly the
involvement of Smads as tumor suppressors in the process of carcinogenesis. To fully understand
the roles of Smads in the context of a whole organism, we have already begun the process of
generating a Smad3 homozygous null mouse through targeted gene disruption using the service
provided by the Transgenic Facility at Duke Cancer Center. Once the animals are generated, the
interpretation of phynotypic changes in those KO animals, including morphological, physiological,
and pathological abnormalities, will in most cases require a basic understanding of the potential
mechanisms behind those changes. This is often achieved by conducting biochemical and
biological assays using primary fibroblasts and thymocytes under in vitro culture conditions. The
obvious advantage of such assays is the use of cells containing defined genetic alterations, such as
the absence of Smad3, in comparison to the use of established immortal tissue culture cell lines
which often carry multiple and mostly unknown genetic lesions. It will be crucial to correlate any
changes detected in such in vitro assays with the phynotypic changes observed in animals so that a
meaningful mechanistic analysis and determination can be carried out.

To create the targeting vector, the first 300 nucleotides of the human Smad3 coding
sequence was used as a probe to screen a mouse (strain 129) genomic library. Several positive
genomic clones were isolated. One clone was found to contain 14 Kb of genomic sequence
including the first exon of Smad3 gene. The first exon contains the initial sixty-nine amino acids of
Smad3, composing part of the conserved MH1 domain (33). In this coding region of the Smad3
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gene, the mouse and human sequences are identical on the amino acid level, suggesting an
important function for this portion of the protein. Following this first exon is a large intron of at
least 7 Kb. This genomic clone also contains approximately 6 Kb of sequences 5' to the Smad3
first exon, representing the Smad3 promoter sequences. In order to create a targeting construct
which could completely eliminate Smad3 expression when it is inserted into the mouse genome
through homologous recombination, a targeting vector was designed in which all of the coding
sequence in the first exon of Smad3 gene as well as part of the first intron were removed. This
sequence is replaced by a neomycin expression cassette under the control of the PGK promoter for
positive selection. The total homologous sequence in this targeting vector is approximately 6.5 Kb,
and is flanked by a thymidine kinase expression cassette for negative selection. This targeting
strategy does not remove any sequences of the 5' promoter region of Smad3. Incorporation into
the endogenous Smad3 locus can be analysed both by PCR through the 1.1 Kb short arm of the
targeting vector, and by genomic Southern blotting.

At this point, the targeting vector shown in Fig. 7 has been electroporated into the mouse
ES cell line and several positive ES cell clones harboring the disrupted Smad3 allele have been
identified by PCR. These PCR positive ES cells will be re-screened by Southern blot analysis and
those are properly targeted, as verified by Southern blot, and are karyotypically normal will be
injected into blastocysts to utimately produce chimeric mice. These mice will then be screened for
germline transmition of the disrupted allele, to produce heterozygous and ultimately homozygous
Smad3 null mice following standard procedures.

B6. TGF-B signaling and cell cycle progression in MCF7 cells.

We have previously demonstrated that TGF-f induces the expression of the cyclin-
dependent kinase inhibitors, p15 and p21, and induction of these proteins is correlated with TGF-
B-induced growth inhibition in human keratinocyte HaCaT cells (11,18). Subsequently, we have
found that pl15, but not p21, appears to be a major component of TGF-3-mediated growth
inhibition in MCF7 cells. As reported last year, the levels of p15 mRNA increase approximately
10-fold in as little as 7 hours after TGF-8 addition, whereas the presence of estrogen does not
increase p15 mRNA levels. However, when MCF7 cells are exposed to both estrogen and TGF-8,
the positive growth signals initiated by estrogen block TGF-f's induction of pl5 mRNA. This
block in p15 mRNA induction correlates with the growth effects observed in MCF7 cells after
TGF-8 and estrogen addition. Thus, pl5 represents an intersection of both pathways through
which the growth of the breast epithelial cells may be manipulated. Interestingly, we have also
found that other mitogenic substances including the insulin-like growth factors (IGF1 and IGF2)
block p15 mRNA induction by TGF-8 in a similar manner, supporting their roles as common
mitogenic growth factors. To investigate whether estrogen and the IGFs affect TGF-8-induced p15
expression through a direct or indirect mechanism, we tested if the pl5 promoter construct
containing 751 basepairs of the promoter region, which was shown to be responsive to TGF-8 in
HaCaT cells (28), could be activated by the TGF-B signal in MCF7 cells. To our surprise, the
promoter construct was not induced by TGF-8, whereas the positive control of the PAI-1 promoter
construct was induced by 5 to 10 folds. To investigate if the stability of p15 mRNA changes in
respond to TGF-8, we treated the MCF7 cells with or without TGF-8 in the presence of 10 ug/ml
actinomycin D, an inhibitor of RNA synthesis, and analyzed the mRNAs with the RNase
protection assay. The results indicate that there is no change in the half life of p15 mRNA in cells
treated or untreated with TGF-, suggesting that the 10-fold increase in p15 mRNA steady-state
level in response to TGF-B is primarily the result of transcriptional activation. Therefore, it is likely
that the p15 promoter construct used in the assay may not contain the TGF-8 responsive elements
functional in MCF7 cells. This assessment is consistent with our previous observation that the
same promoter construct failed to show induction by TGF-8 in MviLu cells in which the pl5
mRNA was also seen to be strongly induced by TGF-8. Based on these results, we have isolated
additional genomic DNA sequences representing a larger region of the p15 promoter and currently
in the process of testing if the region contains TGF- responsive elements which can mediate the
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TGF-8 effect in MCF7 cells. If novel TGF- responsive elements other than the previously defined
binding site for Spl transcription factors are identified in the pl5 promoter, we will study the
mechanism by which the p15 gene is regulated by TGF-8 and estrogen in MCF7 cells.

B7. TGF-B8 mediated regulation of IGFBP3 expression.

As reported last year, we have also investigated an additional aspect of TGF-B-induced
growth inhibition in the breast cancer epithelial cells. The induction of p15 in the MCF7 cells is an
example of TGF-B's direct effect on the cell cycle machinery in order to slow the growth of the
breast cancer epithelial cells. In addition to these effects, TGF- appears to have a broader effect
on breast cell populations through paracrine actions. While breast cancers almost exclusively
originate in epithelial cells such as the MCF7 cells, they cannot develop significantly without the
surrounding stromal components. The interactions between the stromal fibroblasts and the
mammary epithelial are particularly important in both neoplastic and normal development of
mammary tissue (for review, see (10). Involved in these stromal/epithelial interactions are the
growth promoting factors such as the steroid hormones and the insulin-like growth factors (IGFs),
and the growth inhibiting factors such as the TGF-8's. We have expanded our studies of TGFB-
induced growth inhibition in the breast cancer by examining TGF-8's role in the stromal/epithelial
paracrine loop. Specifically, we have begun to focus on the roles of TGF-8 and IGFI1 in the
progression of breast cancer.

As reported last year, we have established a collaboration with Dr. John Fowlkes from
Department of Pediatric Endocrinology at University of Kentuky to test this potential paracrine role
of TGFb in breast cancer cells. A fetal lung fibroblast cell line, MRC9, secretes insulin-like
binding protein 3 (IGFBP3) in the presence of TGF-. MRC9 cells are not growth inhibited by
TGF-B, yet TGF-8 induces a 20-fold increase in both IGFBP3 mRNA and protein in these cells
(see last year's report). To study the mechanism of TGF-8 induced expression of IGFBP3, we
transfected a reporter construct containing 1.8 Kb of the IGFBP3 promoter (9) into MRC9 cells
and measured the luciferase activity after TGF-f treatment. The results were disappointing as no
induction of the promoter was observed in the presence of 100 pM TGF-81. To rule out that the
increase in the steady-state level of IGFBP3 mRNA in response to TGF-8 is due to an increase in
RNA stability, we measured the half life of IGFBP3 mRNA in the presence or absence of TGF-8.
The results indicate that the increased expression of IGFBP3 is primarily due to transcriptional
activation of the IGFBP3 gene and the TGF-B responsive elements are likely outside the 1.8 Kb
promoter region of the gene. In fact, another study have found the p53-responsive elements of the
IGFBP3 gene are located in the first intron rather than the 5'-region of the transcriptional start site
of the gene (5). We have already begun the process of identifying the potential TGF-B regulatory
elements within the IGFBP3 gene by isolating genomic clones containing both the first intron and a
larger piece of the 5'-promoter region. If the TGF-8 responsive elements are found, we will
subsequently study the mechanism of TGF- mediated induction of the IGFBP3 gene and
ultimately investigate the mechanisms of TGF-B growth inhibition of breast epithelial cells in a
novel cell culture model of the stromal fibroblast/epithelial interactions observed in clinical breast
cancer cases.
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C. CONCLUSIONS

Significant progress has been made in advancing the goal described in the Specific Aim 4
of the original proposal. As discussed in the section of Introduction, available evidence strongly
suggest that Smads play a more global role as regulators of multiple biological responses to ligands
of the TGF- superfamily by participating in transcriptional activation of multiple target genes.
Specifically for TGF-B, Smads may act as intermediates for a number of TGF-8 signaling
pathways leading to cell growth regulation and extracellular matrix deposition. Loss of function
mutations in the Smads could disrupt those important TGF-8 signaling pathways and contribute to
tumorigenesis in multiple types of tissues and organs, including the breast, in humans. Inside the
nucleus, Smads may work to modulate transcription by binding to specific DNA elements in
promoters of the target genes and interacting with a spectrum of different DNA-binding
transcription factors or factors of the basal transcription machinery. As described in the -last
section, our recent progress in determining the biochemical properties of Smads in mediating the
biological effects of TGF-, with the collagenase and PAI-1 gene promoters as model systems, has
provided us with an opportunity for studying this novel TGF- signaling mechanism, a key step
toward an understanding of how this multifunctional hormone regulates so many cellular
functions. A comprehensive analysis of the role of Smads in modulating the expression of
endogenous PAI-1 gene, combined with a determination of the identities and physiological roles of
additional genes which are potentially under the control of this signaling pathway, will lead to
further elucidation of the program of TGF-B signal transduction. The exploration of the
physiological role of Smad3 by the strategy of genetic manipulation of the Smad3 gene will
address the question whether Smad3, like Smad2 and Smad4, function as a tumor suppressor in
animals.

As described in the second part of the report, cell growth is dictated by a delicate balance
between positive and negative extracellular proliferative signals. Loss of this balance is a key
factor leading to cancer. The goal of this part of research (Specific Aim 5 in the original proposal)
aims to determine the role of the antagonistic relationship between two opposing growth signals,
IGF and TGF-8, in mammary tumorigenesis. These two factors represent opposing forces which
contribute to the balance of proliferation and growth inhibition of normal mammary growth and
development of normal mammary growth and development. As discussed above, TGF-8 acts to
directly affect cell cycle progression and cause a G1 cell cycle arrest by activating several cyclin
dependent kinase inhibitors, including p15, p21, and p27. In addition to these effects, TGF- has
a broader effect on cell populations through paracrine actions. It has been recently shown that
TGF-8 can induce the expression of IGFBP-3, a protein which inhibits the action of the mitogenic
IGFs. We have started to test this hypothesis by establishing a model system in which the effects
of TGF- through IGFBP-3 can be studied. We intend to subsequently define the molecular
mechanisms by which TGF-f induces IGFBP-3 by identifying TGF- regulatory elements in the
IGFBP-3 promoter and the corresponding cellular components acting at these promoter elements.

Consequently, the results of these studies will represent a major step toward the elucidation
of a novel TGF-B signaling pathway downstream of the receptor complex. In addition, an
elucidation of the precise signaling mechanism by which TGF-f exerts its biological effects will
contribute greatly to our general knowledge of how other members of the TGF-B superfamily of
hormones function. It has been suggested that cellular transformation and tumorigenesis in vivo are
sequential multistep processes and loss of cellular responsiveness to negative growth signals, such
as TGF-B, may represent a crucial step during those processes. Furthermore, since the immune
system plays a vital role in controlling tumor growth, expansion, and metastasis at the organismal
level, disregulation in immune functions as a result of imbalances in the activities of cytokines,
such as TGF-8, could have profound effect on the development of cancers in humans. Therefore,
results from the outlined experiments in this proposal will not only reveal the mechanism of the
TGF-8 signal transduction pathway, but also provide insight into molecular events that lead to
carcinogenesis and other human diseases.
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Figure 1. COS cells were transfected
with Smad cDNAs as indicated. Whole
cell lysates were prepared and subjected
to gel shift analysis using the 2.0 probe
as described in Fig.2A. The inset below
panel D shows the relative expression of
Smad2, 3, and 4 in the lysates. d) Gel
shift with Smad lysates. 3MT/4 is the
phosphorylation deficient mutant of
Smad3 described in the text. e) Gel
supershift analysis with otPan Fos (Santa
Cruz, K25), aHA (BABCO) or «Flag
(Kodak, IBI) antibodies.
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Figure 2. Mock COS lysates (M) or overexpressing
Smad3/4 (3/4) were used in gel shift analysis with the
probes described in (A). Complex I is the
endogenous AP1 complex. Complex II is Smad3/4
bound to the DNA probe.
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Figure 3. GST Smad3 or GST Smad4 were purified
on GST beads and eluted for use in gel shift analysis
with the 2.0 probe as in Fig.2 (Lanes 1-4). Mutant
probes were used to show binding specificity (Lanes
5,6) and the Smad4 antibody shifts the complex that
forms in the presence of GST Smad4 (Lane 9). Pre
immune serum fails to shift the complex (Lane 10).
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Figure 4. a) MvlLu cells were treated with 100 pM TGF-B1 for
the indicated lengths of time before whole cell lysates were
produced for gel shift analysis with the 2.0 probe as in Fig.2. b)
The TGF-B inducible complex (II) is sensitive to phosphatase
(Lane 2). c) Antibody supershift analysis confirms the presence
of Smad4 in the endogenous complex (Lane 5).
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Figure 6. (a) A restriction fragment from the PAI-1
promoter, as diagrammed in (b), was radiolabelled and used
in a gel shift assay with extracts from COS cells either mock
transfected, M, or cotransfected with expression constructs
for Smad3 and Smad4, 3/4. A DNA binding complex
composed of endogenous proteins is present in the mock
transfected extracts. An additional, slower migrating complex
is formed upon overexpression of Smad3 with Smad4. (b)
Schematic diagram representing the region of the PAI-1
promoter shown in (a) to bind the Smad3/Smad4 complex.
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Abstract

Members of the Smad family of proteins are thought to play important roles in
transforming growth factor-B mediated signal transduction. In response to TGF-B, specific
Smads become inducibly phosphorylated, form heteromers with Smad4, and undergo nuclear
accumulation. In addition, over-expression of specific Smad combinations can mimic the
transcriptional effect of TGF- on both the PAI-1 promoter as well as the reporter construct,
p3TP-Lux. Although this data suggests a role for Smads in regulating transcription, the precise
nuclear function of these heteromeric Smad complexes remains unknown. Here we show that in
MvlLu cells Smad3 and Smad4 form a TGF-B induced, phosphorylation dependent, DNA-
binding complex that specifically recognizes a bipartite binding site within p3TP-Lux.
Furthermore, we demonstrate that Smad4 itself is a DNA binding protein which recognizes this
same sequence. Interestingly, mutations which eliminate the Smad DNA binding site do not
interfere with either TGF-dependent transcriptional activation or activation by Smad3/Smad4 co-
overexpression. In contrast, mutation of adjacent AP! sites within this context eliminates both
TGF-B-dependent transcriptional activation and activation in response to Smad3/Smad4 co-
overexpression. Taken together, this data suggests that the Smad3/Smad4 complex has at least
two separable nuclear functions: it forms a rapid, yet transient sequence-specific DNA-binding

complex and it potentiates AP1-dependent transcriptional activation.




Introduction

Transforming growth factor-f (TGF-B) is a multipotent peptide hormone which regulates
a diverse array of biological processes (21). The involvement of TGF-f in the pathogenesis of
several diseases has resulted in intense investigation of its molecular mechanism of signal
transduction (22). Several years ago the signaling receptors for TGF-f were cloned and found to
be transmembrane serine/threonine kinases termed the type I and type II receptors (3, 17).
Although the molecular nature and mechanism of activation for these TGF-[ receptors at the cell
surface has been described (28, 29), the intracellular pathways which transduce the TGF- signal
from the membrane to the nucleus has only recently begun to be elucidated.

Genetic studies in Drosophila (24) and C. elegans (23) identified a conserved family of
proteins as playing a critical role in TGF-8 superfamily signaling pathways downstream of the
receptors. Mammalian homologs of these proteins, now referred to as Smads (8), were
subsequently cloned and characterized (1, 20). Studies in Xenopus embryos has revealed a
functional division between the mammalian Smad proteins. Smad! (10, 18, 27) and Smad5 (25)
have been shown to induce ventral mesoderm and thus mediates the BMP signal, while Smad2
transduces TGF-B signals and induces dorsal mesoderm (2, 10). The distantly related Smad4
protein which was originally identified as a tumor suppressor protein on chromosome 18q (11),
induces both ventral and dorsal mesoderm and thus mimics TGF-B and BMP signals (33).
Smad4 has been shown to associate with Smadl in response to BMP and with Smad2 in response
to TGF-B and thus is a common component of these signal transduction pathways (15). The
Smads have been found to be inducibly phosphorylated in response to TGF-B and BMP and the

ligand-specific nature of the Smads have been confirmed by these studies. Smad2 and Smad3 are




specifically phosphorylated in response to TGF-$ (9, 16, 31, 32), while Smad1 is phosphorylated
in response to BMP (12, 31). Phosphorylation of the Smads results in their heteromerization
with Smad4 (15), and correlates with their accumulation in the nucleus (2, 12, 18). Recently, the
type I receptor was found to be the kinase responsible for ligand inducible phosphorylation of C-
terminal serine residues of Smadl in response to BMP (14) and Smad2 in response to TGF-f3
(19). The C-terminal domain of Smadl and Smad4 has been shown to possess transcriptional
activation activity in the context of a Ga14—DNA-Binding domain fusion (18), thus providing the
first indication of a nuclear function for the Smad proteins. Subsequently, over-expression of
specific Smad combinations has been found to mimic the transcriptional effect of TGF-§3 on both
the PAI-1 promoter as well as the reporter construct, p3TP-Lux (3, 15, 18, 19, 32). Smad4 has
been shown to be required for this transcriptional activity since Smad4-deficient cell lines are
non-responsive, but can be rescued with Smad4 expression (7, 15). Interestingly, the homomeric
and heteromeric interactions between Smad3 and Smad4 correlate with their ability to
transcriptionally activate the PAI-1 reporter (30). Furthermore, naturally occurring Smad4
mutations interfere with its ability to associate with Smad3 (30). Although these data suggest a
role for Smads in regulating transcription, the precise nuclear function of the heteromeric Smad
complexes remains unknown.

Here we demonstrate that Smad3 and Smad4 participate in a DNA-binding complex on a
fragment of the p3TP-Lux reporter and that Smad4 is the DNA-binding component of this
complex. In the context of this reporter, the Smad binding site is not required for transcriptional
activation in response to TGF- nor Smad3/Smad4 co-overexpression. However, we also show

that an endogenous promoter, the plasminogen activator inhibitor-1 (PAI-1) promoter, contains a




Smad binding site. Thus, the ability of Smad3/Smad4 to directly bind DNA may have

physiological relevance in regulating transcription of TGF-B responsive genes.

Materials and Methods
Cell Culture. Mink lung epithelial cells (Mv1Lu) were obtained from ATCC and maintained in
DMEM with 10% FBS, penicillin and streptomycin and non-essential amino acids. COS cells

were maintained in DMEM with 10% FBS, penicillin and streptomycin.

Plasmid Construction. Flag-tagged human Smad4, human Smad3 and human Smad2 were the
generous gift of Dr. Rik Derynck. Expression vectors for Smad3 WT and Smad3MT (3S—2>A)
were generated by PCR using the  following primers: Smad3 WT; 5° primer:
GGATCCGCGATGTCGTCCATCCTGCCTTTCAC and 3’ primer:
GGATCCTAAGACACACTGGAACAGC; Smad3MT (3S>A); 5° primer: same as Smad3 WT
above and 3’ primer: GGATCCTAAGCCACAGCTGCACAGCGGATGCTTGG. The resulting
BamHI fragments were cloned in-frame with the HA tag in pCGN (26). p3TP-Lux (28) and
pGL2-T+I have been previously described (6). The luciferase reporter constructs 4X WT, 4X
SBS Dbl mutant and 4X AP1 Dbl mutant were created using the following oligos: 4X WT;
GGATGAGTCAGACACCTCTGGCTGTCCGGAAG and
TCCCTTCCGGACAGCCAGAGGTGTCTGACTCA, 4X AP1 Dbl mutant;
GGATACAGCAGACACCTCTGGCTGTCCGGAAG and |
TCCCTTCCGGACAGCCAGAGGTGTCTGCTGTA, 4X SBS Dbl mutant;

GGATGAGTCACTGCATTCTGGCTGTCCGGAAG and




TCCCTTCCGGACAGCCAGAATGCAGTGACTCA. 2X directional constructs were created
by first phosphorylating the above oligo sets, annealing and ligating in the presence of 0.5x molar
ratio of phosphorylated and annealed linker oligos: short linker, GGCTCGAGAGATCT; long
linker 5’: TCCAGATCTCTCGAGCC and long linker 3’ : GGAAGATCTCTCGAGCC. The
resulting ligation was digested with BglII and cloned into the BglII site of pGL2 T+I. Constructs
which contained two inserts in a backwards orientation where then cut with Xhol and EcoRV.
The two site containing fragments were then cloned into the Xhol and Smal sites in reporter
constructs which contained two inserts in a forwards orientation to produce constructs with four
inserts in the same orientation. GST-Smad3 and GST-Smad4 were created by PCR from plasmid
templates using the following primers: Smad3; 5’ primer:
CGGGATCCCGATGTCGTCCATCCTGCCTTTCAC, 3’ primer : same as Smad3 WT above;
Smad4; 5’primer: CGGGATCCCGATGGACAATATGTCTATTACG, 3’ primer:
GGATCCTCAGTCTAAAGGTTGTGGG. The resulting BamHI fragments were cloned in-

frame into pGex3X-HMK (Pharmacia).

Electrophoretic Mobility Shift Assays. Extracts were prepared from approximately 2x10° COS
cells transiently transfected with Smad expression constructs using a standard DEAE-Dextran
transfection protocol (28) or from approximately 2x10° Mv1Lu control cells or cells treated with
100 pM TGF-f for 30 min after 2 hours of serum starvation. Cells were then lysed and nuclear
extracts were prepared as previously described (6).  Whole cell extracts prepared in a lysis
buffer containing 50 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.5% NP40, 50 mM NaF, 1 mM
DTT, 1 mM PMSF, ImM sodium orthovanidate, and protease inhibitors, gave identical gel shift

results. For phosphatase treatment, 2 U of CIAP (Boehringer Mannheim) and 0.06 U of PAP




(Boehringer Mannheim) were added to 100 ul of nuclear extract (prepared without phosphatase
inhibitors) and incubated at 37°C for 30 min in the presence or absence of phosphatase inhibitors;
ImM sodium orthovanidate, 10 mM NaF, 10 mM B-glycerophosphate, and 0.2 mM sodium
molybdate.  o*?P-dTTP Klenow labeled oligos used for probes were as shown in F1g 2A.
Alternatively wild type probe was created by digesting p3TP-Lux with Sphl and Ndel and o*°P-
dTTP Klenow labeling. The PAI-1 promoter probe was obtained by restriction digest with Ncol
and Eagl and o**P-dTTP Klenow labeling. Gel shift condition were as follows: 1.5 uL of nuclear
extract (or 3 ul whole cell extract) containing approximately 3 ug of protein, 1 ug of dIdC and 0.5
ng of probe labeled to an activity of 10,000 - 40,000 cpm/0.5 ng were brought to a final volume
of 15 ul using a hypotonic lysis buffer as previously described (6). For supershift analysis a
rabbit polyclonal Smad4 antibody was created against full length GST-Smad4 by standard
protocols. Pre-‘immune serum is from the same rabbit. Anti-HA antibody was obtained from
Boehringer-Mannheim, the Pan Fos antibody was obtained from Santa Cruz (K-25) and anti-Flag
antibody (M2) was obtained from Kodak IBI. 2 ul of each antibody was used for supershifts.
For gel shifts with eluted GST-Smad3 and Smad4, approximately 100 ng of protein in 1 ul of a
buffer containing 100mM Tris pH 8, 120 mM NaCl, 25 uM glutathione was used. Complexes
were resolved on a 6% acrylamide, 0.04% bis-acrylamide, 0.5X TBE gel as previously described
(6), except for the HA supershift panel of Figure 2B which was resolved on a 6% acrylamide,

0.2% bis-acrylamide, 0.5X TBE gel.

Methylation Interference. Methylation interference probes were prepared as above with the
following exceptions: 4 ul of DMS was added to 100 ul of the Klenow labeling reaction which

contained 1 ug total of DNA. After a 5 min room temperature incubation 40 ul of 1.5M sodium
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acetate and 1M B-mercaptoethanol was added. Probe was then precipitated with the addition of
0.5 ml of 100% ETOH. Probe was then gel purified and used in EMSA as described above.
After a short -80°C exposure of the unfixed/undried EMSA gel, shifted complexes were cut out
and bound probe was electro-eluted, precipitated and resuspended in 100 ul of 1M piperidine.
Samples were then heated to 90°C for 30 min, and piperidine was subsequently removed by
several rounds of lyophilization and resuspension in distilled water. The resulting cleaved

products were resolved on a urea/acrylamide sequencing gel.

Luciferase Assays. Transfections were performed using a standard DEAE-Dextran transfection
protocol (28). Luciferase assays were performed as previously described (6). All transfections
are normalized to PB-galactosidase activity by co-transfection of 0.5 ug of a CMV-B-gal

expression vector . Quantities of DNA transfected are detailed in the figure legends.

Western Blot Analysis. Proteins from COS transfected lysates were resolved by 8% SDS-
PAGE and transferred to Immobilon (Millipore). The blots were blocked in B/P solution (50
mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween-20) containing 2% milk. Primary antibody (HA,
Flag or Smad4) was added in B/P solution at 1:1000 for 1 hr at room temperature. The blots
were washed 3X with B/P solution and the appropriate secondary antibody (Bio-Rad) was added
(goat anti-mouse for HA/Flag and goat anti-rabbit for Smad4) for 1 hr at room temperature.
After washing 3X with B/P solution, the blots were developed with ECL (Amersham) and

exposed on Kodak XARS film.




Results

Smad3/Smad4 Co-Overexpression Regulates Transcription. The p3TP-Lux luciferase
reporter is a well described and widely used artificial promoter construct which was empirically
designed to have maximal responsiveness to TGF-J (28). p3TP-Lux has a 31-nucleotide, AP1
site containing region of the collagenase promoter, concatamerized 5’ to an ~400 nucleotide
region of the PAI—I promoter followed by 70 bp of the adenovirus E4 promoter (Fig. 1A).
Consistent with previous findings, we observe a transcriptional activation of p3TP-Lux by both
Smad3/Smad4 co-overexpression and TGF- treatment in Mv1Lu cells (Fig. 1B). In contrast,
Smad?2 fails to activate transcription of p3TP-Lux when co-overexpressed with Smad4. To
define the Smad responsive region of p3TP-Lux, we created a reporter construct comprised only
of the 31-nucleotide AP1 site containing region concatamerized 5’ to a minimal promoter. This
4X WT reporter (Fig. 1A) is not only TGF-B-responsive, but is also activated in response to
Smad3/Smad4 co-overexpression (Fig. 1C). Thus, this 31-nucleotide repeat contains a DNA

sequence which is both TGF- and Smad responsive.

Smad3/Smad4 Participates in a DNA-Binding Complex. To determine if Smad3/Smad4 co-
overexpression changes the DNA-binding complexes on this 31-nucleotide fragment, we
performed gel shifts using a probe consisting of two copies of the 31-nucleotide repeat cut from
p3TP-Lux, termed the 2.0 probe (Fig. 3A). When gel shifts were performed using this probe and
extracts derived from COS cells co-transfected with epitope tagged Smad3 and Smad4 (Fig. 2A),
we observed not only an AP1 containing complex (Complex I), but also a strong additional
binding complex (Complex II, Lane 6). Overexpression of Smad3 alone produces a lower level

of a complex with similar mobility (Lane 3). Likewise, overexpression of Smad4 produces a




complex with similar mobility, as well as a slightly faster migrating complex (Lane 4). In
contrast, Smad2/Smad4 co-expression does not produ‘ce this complex, but appears similar to
Smad4 alone (Lane 5).

One possible explanation for these observations is that Smad3 and Smad4 form a DNA
binding complex. Overexpressed Smad3 alone or Smad4 alone could bind DNA with their
endogenous Smad partner, whereas co-overexpression would produce a large amount of
Smad3/Smad4 binding complex. To test this hypothesis, supershift analysis was performed to
determine if HA-tagged Smad3 or Flag-tagged Smad4 are present in the additional binding
complex (Complex II). As shown in Figure 2B, both HA and Flag antibodies supershift this
complex (Lanes 7, 12 and 13). As expected, a Pan-Fos family member antibody supershifts the
faster migrating APl complex (Lane 2). This antibody, however, does not shift the
Smad3/Smad4 complex (Lane 8), suggesting that although the constitutive binding activity
contains a Fos family member, the Smad3/Smad4 complex does not. Finally, the complexes
observed with Smad4 overexpression are all Smad4 containing as demonstrated by Flag
supershifts (Lane 5). Thus, Smad3 and Smad4, when overexpressed, participate in a DNA
binding complex on sequences present in this region of p3TP-Lux.

Recently, the BMP-inducible phosphorylation sites of Smadl and the TGF-B-inducible
phosphorylation sites of Smad2 have been identified (14, 19). Smad3 contains analogous sites of
potential phosphorylation at its C-terminus. Based on this sequence homology, we created a
phosphorylation deficient mutant of Smad3, Smad3MT, and assayed its ability to participate with
Smad4 in a DNA binding complex. Although the expression levels were similar to wild-type
Smad3, Smad3MT was unable to form a DNA binding complex with Smad4 (Fig. 2A, Lane 7).

The results with this mutant suggest that an intact carboxyl-terminus of Smad3 is essential for




formation of the DNA binding complex. This mutation possibly interferes with the ability of
Smad3 to form a heteromeric complex with Smad4 and thus precludes formation of the DNA-

binding complex.

Isolation of the Smad DNA-Binding Element. To more precisely determine the DNA
sequences to which the Smad3/Smad4-containing complex binds, we systematically mutated the
2.0 probe (Fig. 3A). As expected, mutation of the AP1 binding sites eliminated the Fos-
containing shifted complex. The Smad3/Smad4 complex, however, was still present on the AP1
site mutant probe, although in somewhat decreased amounts (Fig. 3B, Lane 3). This further
suggests that the Smad3/Smad4 complex is not binding through AP1. We next designed three
separate scanning mutants to encompass the entire 2.0 probe in search of the specific sequence
which confers Smad3/Smad4 binding (Fig. 3A). As shown in Figure 3B, scanning mutant #1
eliminates both the AP1 and the Smad3/Smadd complexes, while scanning mutant #2
specifically eliminates the Smad3/Smad4 complex leaving the AP1 complex intact. Scanning
mutant #3 has no effect on the binding of either complex. Thus, the region necessary for
Smad3/Smad4 complex binding lies within the bases mutated in scanning mutants #1 and #2.
Methylation interference was used to more precisely define which guanine residues
within the 2.0 probe are contacted by the Smad3/Smad4 complex. The results shown in Figure
3C confirm the mutagenesis results in that there is a single protected guanine residue that is
located within the region predicted by the scanning mutagenesis. Both sites of this two site probe
have almost completely protected guanine residues. This suggests that both sites are being
contacted in this single Smad3/Smad4 complex. Mutation of 6 nucleotides surrounding this

protected guanine (GACACC) in either the 5° or 3’ site of the 2.0 probe was sufficient to
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eliminate Smad3/Smad4 binding (Fig. 3D), further indicating the requirement of a bipartite site

for Smad3/Smad4 complex formation. In addition, a probe containing only one of these 31-
nucleotide repeats (one half of the probe used in these experiments) was completely unable to

bind the Smad3/Smad4 complex in gel shift assays (data not shown).

Smad4 Directly Binds DNA. Having demonstrated that overexpressed Smad3/Smad4
participates in a DNA-binding complex on the 2.0 probe, we next sought to determine if either
Smad3 or Smad4 themselves were directly binding this DNA sequence. Therefore, we generated
GST fusions of both proteins and used these purified reagents in gel shifts with the 2.0 probe
(Fig. 4). Although Smad3 is incapable of binding (Lanes 1 and 2), GST-Smad4 directly binds
the 2.0 wild type (Lanes 3 and 4) and AP1 mutant probes (Lane 6), but does not bind the 2.0
Smad binding site mutant probe (Lane 5). The DNA-binding protein was confirmed to be Smad4
by antibody supershift analysis. The Smad4 specific immune antisera alone produces a
background DNA-binding band (Lane 7). The Smad4 antibody eliminates the 2 specific DNA-
binding complexes (Lane 9), while the preimmune serum has no effect (Lane 10). Thus, the
complex seen on Smad3/Smad4 co-overexpression may be the result of a direct DNA interaction
by Smad4. Although Smad4 binds directly to this DNA sequence, Smad3 may modulate its
binding affinity or affect its binding specificity. An altered specificity of Smad4 in complex with
different Smads may explain why Smad2/Smad4 complexes do not bind this sequence, but
Smad3/Smad4 complexes do. This altered specificity of Smad4 DNA-binding in complex with
different Smads would be required to maintain the specific transcriptional events that occur in
response to TGF-B superfamily ligands. The ability of Smad4 to directly bind DNA explains the

additional shifted complex observed when Smad4 is overexpressed alone in COS cells (Fig. 2A
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and B, Lanes 4); it is Smad4 bound without endogenous Smad3. The ability of the Flag antibody

to supershift this complex confirms the presence of Smad4 in this complex (Fig. 2B, Lane 5).

TGF-B Induces a Smad DNA-Binding Complex In Vivo. Mvl1Lu cells are highly responsive
to TGF-B and have been used as a model system to define various aspects of TGF-B mediated
signal transduction. Thus, we used Mv1Lu cells as a model system to look in vivo for a Smad
containing DNA-binding complex. Since the Smad proteins are known to be cytoplasmic
proteins which translocate to the nucleus in response to ligand-induced phosphorylation, an
endogenous Smad-containing DNA-binding complex would be predicted to be TGF-$-inducible
and phosphorylation dependent. To examine this question, we performed gel shifts with the 2.0
probe and nuclear extracts prepared from either TGF- treated or untreated Mv1Lu cells. In the
absence of TGF-P treatment, Mv1Lu cells contain a constitutive Fos-containing binding complex
similar to the Fos complex in COS cells (Fig. 5C, Lane 2). Upon TGF-f} treatment, a slower
migrating complex appears within 5 min, peaks in 15 min and disappears after 4 hrs. (Fig. SA).
This time course parallels the TGF-B-dependent phosphorylation kinetics of endogenous Smad
proteins (31). In addition, the inducibly bound complex is sensitive to phosphatase treatment,
suggesting that its binding is phosphorylation dependent (Fig. 5B). Thus this inducible complex
has the characteristics expected for a Smad-containing DNA-binding complex. The presence of
Smad4 in this TGF-f inducible complex was confirmed by the ability of a Smad4-specific
antibody to eliminate formation of this complex (Fig. 5C, Lane 5).

Unfortunately, our Pan-Smad antibodies which recognize Smadl, 2, 3 and 5 (31) could
not supershift either the endogenous Smad4-containing complex nor the Smad3/Smad4 co-

overexpressed complex from COS cells because of their relatively low affinity for Smad3 (data
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not shown). Therefore, we cannot unequivocally show that Smad3 is a component of the TGF-B-
inducible shifted complex in Mv1Lu cells. However, the inducible complex comigrates with the
Smad3/Smad4 complex from COS lysates (data not shown) and shares an identical binding site
within the 2.0 probe as revealed by gel shift analysis using the panel of 2.0 probe mutants (Fig.
5D). These data combined with the fact that no other Smad in combination with Smad4 from
COS lysates is able to bind the 2.0 probe, provides strong evidence that the inducible complex in

Mv1Lu cells contains Smad3 and Smad4.

Functional Analysis of the Smad-DNA-Binding Element. Having identified the specific
region of the 2.0 probe which was capable of conferring Smad3/Smad4 binding, we examined
the functional consequences of Smad binding site and AP-1 site mutations in the context of the
4X WT reporter in Mv1Lu cells. As shown in Figure 6, the AP1 sites are critically important for
induction by both TGF-f and Smad3/Smad4 co-overexpression. Surprisingly, mutation of the
Smad binding site had no effect on induction by TGF- or by Smad3/Smad4 co-overexpression.
These results suggest that the heteromeric Smad3/Smad4 complex has at least two distinct
nuclear activities. First, it rapidly forms a transient, sequence-specific DNA-binding complex
with unknown function and secondly, it directly or indirectly potentiates AP1-dependent

transcriptional regulation in the context of the p3TP-Lux reporter.

The Endogenous PAI-1 Promoter Contains a Smad DNA-Binding Element. The p3TP-Lux
reporter is an artificial construct designed empirically for maximum TGF-B responsiveness.
Although it has been instructive to biochemically define a novel binding function for Smad

complexes, the question remains; does this Smad complex form on endogenous or native
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promoter sequences? To address this question, we examined endogenous promoters that are
known to be activated by TGF-B and Smad co-overexpression for their ability to bind a
Smad3/Smad4 containing complex. One such DNA sequence is an 800 bp stretch of the PAI-1
promoter. The TGF-§ responsive region of the PAI-1 promoter has been described and
surrounds a putative APl binding site (Fig. 7A and 13). The similarity of this endogenous
sequence to that created in p3TP-Lux made it an ideal candidate for study. Using a probe that
encompasses this AP1 site, we discovered that indeed Smad3 and Smad4 co-overexpression in
COS cells leads to an additional DNA-binding complex (Fig. 7B, Complex II). Thus, the ability
of Smad3/Smad4 to bind DNA which we originally defined in the context of p3TP-Lux may
have physiological relevance in TGF-B’ s ability to regulate endogenous promoters such as PAI-
1. Studies are currently underway to investigate the functional role of this Smad-binding region

within the PAI-1 promoter.

Discussion

An intracellular pathway for mediating TGF-f superfamily signals from the membrane to
the nucleus has begun to be elucidated. This highly conserved pathway involves the Smad
proteins, which have been shown to be phosphorylated by the type I receptor within the
heteromeric signaling complex at the cell surface, to form heteromers with Smad4 and to
accumulate in the nucleus. In this study, we have investigated the molecular nature of the Smads
ability to transcriptionally activate the p3TP-Lux reporter.

Overexpression of Smad3 and Smad4 was found to activate transcription from p3TP-Lux
in a ligand-independent fashion in Mv1Lu cells. Overexpression of Smad3/Smad4 results in the

formation of a specific DNA-binding complex on the responsive region of the promoter. The
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inability of Smad2 and Smad4 to form a similar DNA-binding complex on this region correlates
with their failure to activate transcription from the p3TP-Lux promoter. Thus, the heteromeric
Smad4 complexes which are formed as a result of ligand-induced phosphorylation of Smad2 and
Smad3 may have distinct nuclear targets. Recently, Smad2 has been found in a DNA binding
complex with the transcription factor, FAST1 (4). Although the presence of Smad4 in this
complex has not yet been reported, these findings, in combination with our data, raises the
possibility that different Smad complexes will target different sequences to differentially affect
distinct subsets of genes. In the FAST1 context, FAST1 may be making the sequence specific
DNA interaction, tethering the Smad complex to the promoter, whereas in p3TP-Lux and PAI-1,
Smad4 appears to be the specific DNA-binding protein. This level of complexity may provide
the diversity necessary for the regulation of a broad set of TGF-3 responsive genes.

Detailed mutagenesis and methylation interference analysis of the responsive region
identified a bipartite sequence as the Smad-binding site. The only apparent similarity of this
binding site to that previously identified for the FAST-1/Smad2 complex is its bipartite nature.
Mutation of a small, 6-nt region, was sufficient to eliminate Smad3/Smad4 binding to this probe.
Functional assays with mutant reporters which lack AP1 or Smad-binding sites, revealed that the
AP1 sites are required for TGF-B and Smad3/Smad4-dependent transcriptional activation. In
contrast, the Smad-binding site we defined in p3TP-Lux was dispensable for both TGF- and
Smad3/Smad4-dependent transcriptional activation. The apparent dispensability of the Smad
binding site within this reporter could be explained in several ways. Smad complex binding may
be having effects which are not assayed in these transient transfection experiments. If, for
example, Smad binding plays a role in the recruitment of other transcription factors to adjacent

sites (e.g. AP1), or in re-arrangement of chromosome structure to provide accessibility of other

15

DY TRIN




transcription factors to their binding sites, an effect in the transient transfection assay may be
difficult to observe. The transient nature of Smad DNA-binding would be consistent with this
type of role in transcriptional activation. Alternatively, in the context of our artificial promoter
constructs, Smad binding may not be required, but in other promoter contexts, Smad binding may
be essential. Our demonstration that an endogenous promoter, PAI-1, contains a Smad3/Smad4
binding site provides an opportunity to dissect in vivo functions of the Smad3/Smad4 binding site
and should provide insight into these important questions.

Although the functional consequences of Smad binding remains uncertain, we have
clearly demonstrated that Smad3/Smad4 co-overexpression can activate transcription through
AP1 binding sites. This raises the possibility that the Smads have at least two separable
functions. One is a direct effect through its sequence specific DNA binding. The second is a
potentially more indirect effect to activate AP1-mediated transcription, and may explain the
widely observed phenomenon that TGF-} can activate transcription through AP1 binding sites.

Finally, we present evidence that Smad4 is a DNA binding protein. Obviously, more
work is required to determine if this function of Smad4 is at the root of its tumor suppressor
activity. For example, defining the domain of Smad4 required for its DNA-binding ability and
determining if known Smad4 mutations interfere with this activity. However, our results do raise
the exciting possibility that Smad4 functions by targeting distinct heteromeric Smad complexes
to various promoters to affect their transcription. Identifying these Smad4 binding site targets
could greatly enhance our understanding of the function of this protein, and of its role as a tumor

SUPPIESsOr.
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Figure Legends

Figure 1. Smad overexpression regulates transcription. (A) Diagram of the AP1 containing
luciferase reporters. (B) p3TP-Lux is activated both by TGF-$ and by Smad3/Smad4 co-
transfection. Briefly, 2x10°® Mv1Lu cells were co-transfected with 3 ug of p3TP-Lux, 0.5 ug
pCMYV [-gal and either 2 ug pCGN vector (M) or 1 ug of the indicated Smad and 1 ug pCGN (2,
3,4) or 1 ug Smad4 and lug of either Smad2 or Smad3 (2/4, 3/4). 12 hours after transfection
100 pM TGF-P was added and TGF-$ induced luciferase activity was assayed 20-24 hours later.
(C) The 4X WT reporter is activated by TGF-§ and Smad3/Smad4 co-expression like p3TP-Lux.
Luciferase assays were performed as in (B) with co-transfection of 3 ug of the minimal TATA-
INR reporter construct or the 4X WT reporter construct with vector alone (M) or the combination
of Smad3 and Smad4 (3/4). Luciferase assays were performed in duplicate at least three times

and are standardized against 3-gal expression as an internal control.

Figure 2. Co-overexpression of Smad3 and Smad 4 in COS cells changes the 2.0 probe
binding profile. (A) Gel shifts were performed using the 2.0 probe derived from p3TP-Lux and
extracts derived from COS cells transiently transfected with either 7 ug of pCGN (M, Lane 1), 2
ug of Smad?2 (2, Lane 2) or Smad3 (3, Lane 3), 5 ug of Smad4 (4, Lane 4), or 2 ug of Smad2, 3,
or 3MT in combination with 5 ug of Smad4 (2/4, Lane 5; 3/4, Lane 6; 3MT/4, Lane 7). DNA
amount was kept constant at 7 ug with added pCGN vector. An HA/Flag western blot was
performed to confirm expression of these proteins (Inset panel). (B) Smad 3 and Smad4

participate in a binding complex. Supershifts using antibodies described in the methods were

17




performed on COS cells transiently transfected as in (A) with pCGN vector alone (Mock),
Smad4-Flag (Flag 4), HA-Smad3/Smad4-Flag (HA 3/Flag 4). Fos: Pan Fos antibody; Fg: Flag

epitope antibody; HA: anti-HA epitope antibody.

Figure 3. Identification of the Smad DNA-binding element in the 2.0 probe. (A) Diagram of
the 2.0 wild type probe and mutants. Lower case letters indicate mutations introduced into the
wild-type nucleotide sequence. (B) Identification of the Smad DNA-binding region. Gel shifts
were performed using the indicated probes as diagrammed in (A) and COS cells transiently
transfected as in Figure 2 with pCGN vector alone (M) or HA-Smad3/Smad4-Flag (3/4). (C)
Methylation implicates a guanine residue within scanning mutant #2 as binding the
Smad3/Smad4 complex. Methylation interference was performed using methylated 2.0 probe
and COS cells transiently co-transfected with HA-Smad3 and Smad4-Flag as in Figure 2. The
protected guanine residues are indicated by a e in the diagram in Figure 3A. (D) Both sites on the
2.0 repeat sequence are required for Smad3/Smad4 binding. Gel shifts were perforﬁed using the
indicated probes as diagrammed in (A) and COS cells transiently transfected with pCGN vector

alone (M) or HA-Smad3/Smad4-Flag (3/4).

Figure 4. Purified GST-Smad4, but not GST-Smad3 directly binds DNA. GST-fusion
protein construction is described in Materials and Methods. Gel shifts were performed with 2 ul
(Lanes 1 and 3) or 1 ul (Lanes 2 and 4-10) of either GST-Smad3 (Lanes 1 and 2) or GST-Smad4
(Lanes 3-10) at a concentration of ~100 ng/ul and the indicated probes as diagrammed in Fig. 3A

and the following antibodies: S4, Smad4 antibody; Pre, preifnmune serum.
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Figure 5. Induction of a Smad3/Smad4 DNA-binding complex in Mv1Lu cells by TGF-B.
(A) Gel shift analysis with the 2.0 probe with lysates from a time course of TGF-B treatment of
Mvl1Lu cells. (B) The inducible complex is sensitive to phosphatase treatment. Mv1Lu lysates
from control (Lanes 1, 3 and 5) or TGF-P treated (Lanes 2, 4 and 6) cells were treated with
PAP+CIAP (Lanes !-4) or phosphatase inhibitors (Lanes 3-6) as described in Materials and
Methods. (C) Supershift analysis on the induced complex in MvlLu cells. Gel shifts were
performed with the 2.0 probe as diagrammed in Fig. 3A and the indicated antibodies: Fos, Pan
Fos antibody; S4, Smad4 antibody; Pre, preimmune serum. Bottom panel, Western showing the
specificity of the Smad4 antibody. Left panel is an HA antibody Western showing expression of
Smad1-4; right panel is a duplicate Western blot with Smad4 antibody. The Smad4 antibody is
also specific by immunoprecipitation analysis (data not shown). (D) Analysis of the 2.0 probe
mutants with TGF-$ treated Mv1Lu cell lysates. Lysates were prepared from control (odd
numbered lanes) or TGF-f treated cells (even numbered lanes) and probes indicated are as

shown in Fig. 3A.

Figure 6. Functional analysis of the 2.0 Probe mutants. Mv1Lu cells were transfected with 2
ug vector DNA (M) or with 1 ug HA-Smad3 and Smad4-Flag DNA (3/4) along with 3 ug of the
indicated reporter and 0.5 ug pCMV B-gal. Luciferase assays were performed as described in

Figure 1.
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Figure 7. Endogenous PAI-1 Promoter Contains a Smad3/Smad4 Binding Site. (A)
Schematic diagram of the PAI-1 promoter. The black boxes represent potential AP1 binding
sites. The shaded region (-792 to -644) represents the probe used in gel shift assays. (B) Gel
shift analysis using the probe from (A) was performed with COS lysates from cells transfected as

in Fig. 2 with pCGN vector alone (left lane) or HA-Smad3/Smad4-Flag (right lane).
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While transforming growth factor g (TGFB) type III
receptor (RIII) is known to increase TGFB, binding to its
type II receptor (RII), the significance of this phenome-
non is not known. We used human breast cancer MCF-7
cells to study the role of RIII in regulating autocrine
TGF B, activity because they express very little RIII and
no detectable autocrine TGFg activity. A tetracycline-
repressible RIII expression vector was stably trans-
fected into this cell line. Expression of RIII increased
TGFB, binding to TGF type I receptor (RI) as well as
RIIL. Treatment with tetracycline suppressed RIII ex-
pression and abolished TGFB, binding to RI and RII
Growth of RlIl-transfected cells was reduced by 40%
when plated at low density on plastic. This reduction
was reversed by tetracycline treatment and was par-
tially reversed by treatment with a TGFB, neutralizing
antibody. The activity of a TGFB-responsive promoter
construct when transiently transfected was more than
3-fold higher in the RIII-transfected cells than in the
control cells. Treating the cells with tetracycline or the
TGFB; neutralizing antibody also significantly attenu-
ated the increased promoter activity. These results sug-
gest that expression of RIII restored autocrine TGFg,
activity in MCF-7 cells. The RIII-transfected cells were
also much less clonogenic in soft agarose than the con-
trol cells indicating a reversion of progression. Thus,
RIIT may be essential for an optimal level of the auto-
crine TGF B activity in some cells, especially in the trans-
formed cells with reduced RII expression.

Transforming growth factor B (TGFpB)! isoforms are ho-
modimer polypeptides of 25 kDa. They are multifunctional
growth factors involved in the regulation of cell proliferation,
differentiation, extracellular matrix formation, and immune
response (1-3). Many studies have shown that TGFB can in-
hibit the growth of a variety cell types including epithelial,
endothelial, lymphoid, and myeloid cells (4). Almost all types of
cells express one or more of the three isoforms identified in
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lium bromide.
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mammals. Although in most systems, the majority of TGFBs
secreted is in a latent form with no biological activity, a small
percentage can be detected as mature, active TGFSs which may
act to regulate cellular functions in an autocrine fashion. For
example, neutralization of endogenous TGFBs with anti-TGF3
antibodies was shown to stimulate proliferation of breast and
colon cancer cells (5-7). Repression of TGFB expression by
TGFB1 antisense RNA in colon cancer cells was shown to
increase clonogenicity in soft agarose and tumorigenicity in
nude mice indicating that autocrine TGFS activity is tumor-
suppressive (8, 9).

TGFBs elicit their effects by binding mainly to three cell
surface proteins termed type I (RI), type II (RII), and type III
(RIII) receptors. RI and RII are serine/threonine kinase recep-
tors of 55 and 75 kDa, respectively, that form heteromeric
complex, apparently at one to one stoichiometric ratio and
necessary for TGF signal transduction (3). It has been shown
that RI requires RII for TGFB binding, whereas RII needs RI
for signaling (10, 11). Recently, several studies showed that
mutation or down-regulated expression of RI and/or RII is
associated with loss of TGFB sensitivity and progression of
human gastric, colorectal, and prostate cancers and T-cell lym-
phomas (12-17). Restoration of TGFB sensitivity by replacing
the mutated or down-regulated receptor into colon and breast
cancer cells reduced their malignancy (18-20). These results
again indicate that autocrine TGFBs can act as negative
growth regulators and disruption of the autocrine TGFf loop is
probably a major event contributing to malignant progression.

TGFB RIII, also called B-glycan, is a proteoglycan of 280-330
kDa. It is the most abundant TGF g binding molecule on the cell
surface of a variety of cell types (21-23). Sequence analyses
indicate that human RIII has a relatively small cytoplasmic
domain of 41 amino acid residues that contains no consensus
signaling motif (23, 24). Therefore, it is believed not to directly
transduce TGFB signal. However, RIII binds all three TGFg
isoforms with high affinity. The K, ranges from 50 to 300 pm
depending on cell types (21, 25, 26). Expression of RIII in the
cells that lacks RIII significantly increased TGFB; binding to
RII by 2.5-fold or more (24, 27). It was shown that in the
absence of RIII, only a small population of RII in myoblasts
could bind TGFB; with high affinity, while a larger population
of RIT had a much lower affinity for TGFB,. However, expres-
sion of RIII converted all RII receptors into one population with
high affinity for TGFB; (27). In the presence of ligands, RIIT
has been shown to form a heteromeric complex with RII sug-
gesting that RIII enhances TGFB binding to RII by directly
presenting the ligands to RII (27, 28).

While it is clear that RIII can enhance TGFB; binding to RII,
the significance of this phenomenon remains to be elucidated.
Since TGFB isoforms are produced mainly in a latent form and

This paper is available on line at http://www-jbc.stanford.edu/jbc/
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mature, activated TGFB levels are very low, if detectable, in
most cell types, the majority of RII receptors with low affinity
would probably not be occupied by the ligands in the absence of
RIIL. On the basis of what is known about the stoichiometric
interaction between TGFB RI and RII, it appears that RIII
should enhance autocrine TGFB; activity if a cell expresses a
similar or lower level of RII than RI. Under this condition,
autocrine TGFB activity is minimized without RIII because
only a small percentage of RII is ligand-bound and can activate
a small percentage of RI to transduce the signal. Thus, expres-
sion of RIII should increase the percentage of ligand-bound RII
and consequently the percentage of activated RI. To test this
hypothesis, we expressed RIII in human breast cancer MCF-7
cells which express a very low level of RII with no detectable
autocrine TGF activity. We show that expression of RIII in-
hibited both anchorage-dependent and anchorage-independent
growth of MCF-7 cells and the inhibition could be reversed
partially by a TGFB, neutralizing antibody, indicating that
RIII-induced growth inhibition is at least partially due to re-
stored autocrine negative activity of TGFB;.

MATERIALS AND METHODS

Cell Culture—MCF-7 cells were originally obtained from the Michi-
gan Cancer Foundation. The cell line was adapted to McCoy’s 5A
medium with 10% fetal bovine serum (FBS), pyruvate, vitamins, amino
acids, and antibiotics (29). Working cultures were maintained at 37 °C
in a humidified incubator with 5% CO, and routinely checked for
mycoplasma contamination. MCF-7 limiting dilution clones were ob-
tained by plating parental cells into 96-well culture plates at 0.5
cell/well.

RIIT Expression Vector Construction and Transfection—The full-
length ¢cDNA of rat TGFB RIII (24) was subcloned by blunt-ended
ligation into a tetracycline-repressible expression system as described
previously (20). The sense orientation of the RIII ¢DNA was confirmed
by restriction digestion and agarose gel electrophoresis.

The expression vectors were linearized and transfected into one of
MCF-7 limiting dilution clones with a BTX Electro Cell Manipulator at
250 V and 950 microfarads. The control cells were transfected with the
empty vectors. The transfected cells were plated in 10-cm culture plates
and maintained in the 10% FBS medium for 2 days. Selection of stable
transfectants were accomplished by adding Geneticin (G418 sulfate;
Life Technologies, Inc.) to the culture medium at 600 ug/ml. G418-
resistant clones were ring-cloned and expanded for screening of RIII
expression. Control clones were pooled and designated as Neo cell.

RNA Analysis —Total RNA from G418-resistant cells was isolated by
guanidine thiocyanate homogenization and acidic phenol extraction
(30). To measure the transfected rat RIII mRNA levels in the clones, we
constructed a rat RIII riboprobe by inserting a 470-base pair BamHI
fragment of the rat RIII ¢cDNA into pBSK(—) plasmid (Stratagene
Cloning Systems). The recombinant plasmid was then linearized with
EcoRI and T; RNA polymerase was used to synthesize a radioactive
antisense RIII probe. RNase protection assays were performed using
this radioactive antisense riboprobe to measure RIII mRNA levels in
the transfected clones as described previously (20).

Receptor Cross-linking —Simian recombinant TGFB, was purified
from conditioned media of transfected Chinese hamster ovary cells as
described previously (31). Purified TGFB; was iodinated by the chlor-
amine T method as described by Ruff and Rizzino (32). To measure the
expression of cell surface TGF receptors, ['*IITGFB, (200 pm) was
incubated with a cell monolayer in 35-mm tissue culture wells and then
cross-linked to its receptors as described by Segarini et al. (33). Labeled
cell monolayers were solubilized in 200 p! of 1% Triton X-100 containing
1 my phenylmethylsulfonyl fluoride. Equal amounts of cell lysate pro-
tein were electrophoresed in 4-10% gradient SDS-polyacrylamide gel
electrophoresis under reducing conditions and exposed for
autoradiography.

Measurement of Secreted Mature TGFS,—To measure the amount of
active TGFB, in the media conditioned by control or RIII-transfected
cells, monolayer cells in 6-well culture plates were cultured in the 10%
FBS medium until confluence. The cells were washed twice with a
serum-free McCoy’s 5A medium and incubated in 1.5 ml of this serum-
free medium for additional 72 h. The conditioned medium was then
collected in siliconized microcentrifuge tubes and the cell number was
counted with a hemocytometer. The amount of mature, activated
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TGFB, in the conditioned medium was determined with a TGFgB,
ELISA kit from Promega (Madison, WI) according to the manufactur-
er’s instructions.

Plating Efficiency Assay—To study the effect of RIII expression on
cell proliferation at low seeding densities, the control and RIII-trans-
fected cells were plated at 200 or 400 cells per well in 24-well culture
plates. After 9 days of incubation, relative cell number was determined
with an MTT assay as described previously (20). To determine whether
autocrine TGFB, activity was enhanced after RIII expression, a TGFB,
neutralizing antibody (R&D Systems) was added to the cells after
plating at a final concentration of 30 pg/ml.

Transient Transfection and Luciferase Assay — To determine whether
RIIT expression enhanced autocrine TGFB, activity, we measured a
TGFB-responsive promoter activity using a plasmid called p3TP-Lux
from Dr. J. Massague. The promoter activity is reported by luciferase
(10). The p3TP-Lux (20 pg) and a B-galactosidase expression plasmid (5
ng) were transiently co-transfected into the MCF-7 Neo control or
RIII-expressing cells (107 cells) by electroporation in the same manner
as the stable transfection described above. The cells were then equally
divided into replicate culture dishes, part of which were treated with
tetracycline (0.1 ug/ml) or the TGFB, neutralizing antibody (30 pg/ml)
for 48 h. The treated and control cells were lysed in luciferase buffer
(100 mm K,HPO,, pH 7.8, 1 mM dithiothreitol) using three cycles of
freeze-thaw. The activities of luciferase and 8-galactosidase in the cell
extract were assayed using published procedures (34, 35). Luciferase
activity was normalized to B-galactosidase activity and expressed as
relative luciferase activity.

Soft Agarose Assay —To compare the clonogenic potential of the con-
trol and RIIl-transfected cells in a semisolid medium, soft agarose
assays were performed as described previously (20). Briefly, 6 x 10°
cells were suspended in 1 ml of 0.4% low melting point agarose (Life
Technologies) dissolved in the 10% FBS medium and plated on the top
of a 1-ml underlayer of 0.8% agarose in the same medium in 6-well
culture plates. For tetracycline treatment, we added tetracycline in soft
agarose at 0.1 ug/ml as well as 200 ul of the medium containing 0.2
ung/ml tetracycline on the top of the solidified agarose. Control wells
received 200 ul of the medium without tetracycline. The media were
replenished every 3 days. After 3 weeks of incubation in the humidified
incubator with 5% CO, at 37 °C, the cell colonies were visualized by
staining with 1 ml of p-iodonitrotetrazolium violet staining (Sigma). To
quantitate the clonogenicity, the colonies in each well were counted
under a magnifying lens.

RESULTS

Expression of RIII—MCF-7 cells express very low levels of
RIII and undetectable RII on the cell surface using the receptor
cross-linking method (20). However, they express low levels of
RII mRNA and their growth can be slightly inhibited by high
concentrations of exogenous TGFpB, suggesting that they do
have functional TGFB receptors and intracellular signaling
components (20). In addition, this cell line expresses mainly
TGFB, with no detectable TGFB, and TGFg, (36).%2 Therefore,
this cell line is ideal for the examination of whether TGFg RIII
plays a role in regulating autocrine TGFg, activity and, conse-
quently, cell growth.

Tetracycline-repressible RIII expression vectors were trans-
fected into one of the MCF-7 limiting dilution clones. Using
RNase protection assays and a rat RIII riboprobe, we identified
two RIlI-expressing clones. Both clones showed similar levels
of RIII expression and growth properties on plastic and in soft
agarose (data not shown). Therefore, we used one clone for the
study. The mRNA level of the transfected RIII in this clone,
designated as RIII cell, is shown in Fig. 1. Consistent with the
mRNA level, RIIT cells also expressed a higher level of cell
surface RIII protein than the Neo cells by the receptor cross-
linking assay (Fig. 2). The specificity of ['2*I]TGF g, binding to
the receptor was confirmed by competition with a 100-fold
excess of unlabeled TGFB; (Fig. 2, third lane). Treatment with
tetracycline at 0.1 pg/ml for 4 days prior to the receptor cross-
linking assay almost completely suppressed the expression of
transfected RIII (Fig. 2, fourth lane). This reversible expression

2 C. Chen and L.-Z. Sun, unpublished observations.
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Fic. 1. Expression of TGFg RIII mRNA in the MCF-7 transfec-
tants. A typical MCF-7 limiting dilution clone was stably transfected
with rat RIII expression plasmids and selected with Geneticin. The
mRNA of the transfected RIII was detected in 20 ug of total RNA from
an RIIT-expressing clone by an RNase protection assay with a rat RIII
riboprobe. The control cells were transfected with the plasmids without
RIIT ¢DNA and designated as Neo cells. Yeast tRNA was used as a
negative control for the assay. Human actin mRNA levels were used for
normalization.
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FiG. 2. Cell surface expression of TGFg receptors in the MCF-7
transfectants. Receptor cross-linking assays were used to examine the
cell surface profiles of the TGFB receptors in the Neo and RIII cells.
Confluent monolayer cultures of the Neo and RIII cells were incubated
with 200 pm ?5I-TGF, alone (first and second lanes) or in the presence
of 20 nM cold TGFB, (third lane) for 3 h at 4 °C. For the fourth lane, the
RIII cells were cultured in the presence of 0.1 pg/ml tetracycline for 4
days prior to the receptor cross-linking assay. The receptor-bound 12°I-
TGFp, was cross-linked with disuccinimidyl suberate. Cell lysates con-
taining equal amounts of protein were electrophoresed in 4-10% gra-
dient SDS-polyacrylamide gel electrophoresis under reducing
conditions. The '?°I-TGFB,-linked receptors were visualized after
autoradiography.

of RIII by tetracycline was particularly useful in the subse-
quent experiments for the demonstration of the specific effect of
the RIII on the cell growth and autocrine TGFB activity.
Consistent with a previous observation (20), TGFS RI and
RII were not detectable by the receptor cross-linking assay on
the Neo cell surface (Fig. 2). However, two bands corresponding
to RI and RII were detected in the RIII cell samples. Since they
were absent in the Neo cells and in the tetracycline-treated
RIII cells (Fig. 2), the increased TGFB; binding to RI and RII
appears to be specifically due to RIII expression. This is con-
sistent with what was observed in myoblasts (24, 27).
Expression of Endogenous TGFB,—While RIII cells showed
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Fic. 3. Activated TGF 8, in the conditioned media of the MCF-7
transfectants. The Neo and RIII cells in 6-well plates were cultured in
the 10% FBS medium with or without 0.1 pug/m! tetracycline (Tet.) till
confluence. The medium was then changed to a serum-free McCoy’s 5A
medium with or without tetracycline and incubated for 72 h. The
conditioned media were collected from duplicate wells. Activated TGFf,
in the media was determined as described under “Materials and Meth-
ods.” The amount of activated TGFB, is normalized by the cell number
and expressed as the mean * S.E. of four measurements except the
mean of RIII+Tet. which was the average of two measurements with
identical values.

et.

increased TGFB; binding to RI and RII, their sensitivity to
exogenous TGFB; remained relatively similar to that of the
Neo cells in a growth inhibition assay (20) (data not shown).
Therefore, we hypothesized that MCF-7 cells may express
enough activated TGFpB,; such that the expression of RIII re-
generated a maximal TGFB growth inhibition in an autocrine
manner. To test this hypothesis, we first examined whether the
cells produced mature, activated TGFB; in our system. Using a
TGFB; ELISA kit we were able to detect a modest amount of
activated TGFB, (200 pg/10° cells/72 h) in the medium condi-
tioned by the Neo cells. The amount of activated TGFg, in the
medium conditioned by the RIII cells was reduced by more than
half (Fig. 3). This reduction could be reversed by treating the
RIIT cells with tetracycline, suggesting that the reduced
amount of free activated TGFB; in the medium was due to its
binding to RIIL. This result led us to further examine whether
the cell growth was inhibited by the autocrine TGF g, after RIII
expression.

Plating Efficiency Assay—1It is well known that TGFg iso-
forms suppress cell cycle progression of newly plated, non-
dividing cells more effectively than that of exponentially grow-
ing cells. Plating cells at low density is one way to ensure that
the cells are maintained for a period of non- or slow-dividing
state before entering exponential growth. This approach has
been successfully employed previously to demonstrate the au-
tocrine inhibitory activity of TGFS (18, 19). When Neo and RIII
cells were plated in 24-well tissue culture plates at 200 and 400
cells/well, the RIII cells proliferated significantly slower than
the Neo cells by about 40% after nine days of incubation (Fig.
4A). The growth reduction was due to reduced number of colo-
nies as well as number of cells per colony. Treatment of the
cells with tetracycline at 0.1 ug/ml prior to and during the
plating efficiency assay completely reversed the growth prop-
erty of the RIII cells back to that of the Neo cells as shown in
Fig. 4B suggesting that the growth inhibition was specifically
due to RIII expression. To assess whether the growth reduction
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Fic. 4. Plating efficiency of the MCF-7 transfectants. A, the Neo
and RIII cells were plated in a 24-well plate at 200 or 400 cells/well in
the 10% FBS medium and incubated for 9 days. The relative cell
numbers were determined with the MTT assay and expressed as optical
density values at 590 nm. B, the Neo and RIII stock cells were first
cultured in the absence or presence of 0.1 ug/ml tetracycline (Tet.) for 1
week and then plated in a 24-well plate at 400 cells/well in the 10% FBS
medium with or without 0.1 pg/ml tetracycline. The media were
changed every other day to replenish the tetracycline. The MTT assay
was performed after 6 days of incubation and the OD values of each
treatment were expressed as percent of the optical density value of the
Neo cells. The values in both panels A and B are presented as means +
S.E. of six OD measurements from duplicate wells.

was due to RIII-enhanced autocrine TGFB, activity, we treated
the cells with a TGFB; neutralizing antibody or a control an-
tibody after plating. While the growth of Neo cells was not
affected by the antibody, the growth of the RIII cells was
stimulated (Fig. 5). Even though the stimulation was only 15%,
it is statistically significant (p < 0.05) by Student’s ¢ test. Since
RIII expression reduced the growth by 40%, 15% growth stim-
ulation represents a 37.5% recovery of the growth. The reason
that tetracycline was more effective than the TGFB; neutral-
izing antibody to stimulate the growth of the RIII cells was
probably due to the fact that tetracycline could completely
suppress RIII expression whereas the antibody had to compete
with the RIII for endogenous TGFB;.

Activity of @ TGFB-responsive Promoter —To confirm our ob-
servation that RIIT expression enhanced autocrine TGFB; ac-
tivity, we measured the activity of a TGFB-responsive promot-
er/luciferase construct after being transiently transfected into
the Neo and RIII cells. This construct has been widely used to
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Fic. 5. Effect of a TGFB, neutralizing antibody on the plating
efficiency of the MCF-7 transfectants. The Neo and RIII cells were
plated in 24-well plates at 400 cells/well in the presence of 30 pg/ml
normal IgG (IgG) or 30 pg/ml TGFB, neutralizing antibody (Ab). The
MTT assay was performed after 9 days of incubation. The OD values of
TGFB, antibody treatment are presented as percent of the respective
IgG-treated controls. The values are means * S.E. determined in 6
samples from duplicate wells.

measure the efficacy of TGFB in activating its signaling recep-
tors and stimulating gene expression (10). While RIII expres-
sion inhibited the growth of the MCF-7 cells, it stimulated
TGFB-responsive promoter activity as indicated by luciferase
activity by more than 3-fold (Fig. 6A). Treatment of the tran-
siently transfected cells with tetracycline for 48 h reduced the
luciferase activity almost to the level of the Neo cells, again
demonstrating the specificity of the RIII effect. Similar to the
growth assay, the stimulated promoter activity could be par-
tially, but significantly (p < 0.05) reduced by treating the
transfected RIII cells with the TGF B, neutralizing antibody for
48 h. Thus, with two different approaches, we have showed that
RIII can restore autocrine TGFB,; activity in the MCF-7 cells.

Clonogenicity in Soft Agarose—The growth inhibitory activ-
ity of autocrine TGFB is known to maintain cancer cells at a
less malignant state as previously shown by its suppressive
effect on the clonogenicity in soft agarose and the tumorigenic-
ity in nude mice (8, 18, 20). Since RIII expression restored
autocrine TGFB; activity, we compared the ability of Neo and
RIIT cells to form colonies in a soft agarose assay. As shown in
Fig. 7A, the number of colonies formed by RIII cells were
considerably less than that formed by Neo cells. Tetracycline
had no effect on Neo cells, but significantly increased the num-
ber of colonies formed by RIII cells (Fig. 7B). These results
suggest that by restoring autocrine TGFB,; activity, RIII can
also reduce the anchorage-independent growth of the MCF-7
cells in the same manner as RII (20).

DISCUSSION

Although RIII has been shown to enhance TGFB; binding to
RII, this is the first report demonstrating an important role of
RIIT in regulating autocrine TGFp, activity. Expression of RIIT
in MCF-7 cells increased affinity labeling of both RI and RII by
[*2*T]TGFB, to a detectable level. Increased TGFB, binding to
RII after RIII expression is consistent with what was observed
in myoblasts (24, 27). However, RIII expression in myoblasts
had no effect on TGFB; binding to RI. The authors suspected
that the amount of RII with high affinity for TGFB; in the
myoblasts without RIII was sufficiently high enough to support
TGF B, binding to all cell surface RI molecules (27). In contrast,
MCF-7 cells expressed a very low level of RII mRNA and no
detectable amount of cell surface RII protein with the affinity
labeling (20). As a result, even though they express a relatively
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Fic. 6. The activity of a TGFB-responsive promoter in the
MCF-7 transfectants. The Neo and RIII cells were transiently co-
transfected with p3TP-Lux and a B-galactosidase expression plasmid by
electroporation. Then, the transfected cells were equally divided into
two (panel A) or six (panel B) 35-mm culture wells. In panel A, one of the
two wells was treated with 0.1 pg/ml tetracycline (Tet.) during a 48-h
incubation. In panel B, three of the six wells were treated with 30 pg/ml
normal IgG (IgG), whereas the other three wells were treated with 30
pg/ml TGFB, neutralizing antibody (Ab) during a 48-h incubation. The
cells were harvested 48 h after transfection. The activities of the lucif-
erase and pB-galactosidase in the cell lysate were separately measured.
The data are presented as relative luciferase activity after normalized
to the pB-galactosidase activity. The experiment presented in panel A
was repeated with similar results. The values in panel B are presented
as means * S.E. of three replicate wells.

high level of RT mRNA (20), little RI could be affinity-labeled
with TGFB, since RI requires TGFS-bound RII for ligand bind-
ing. RIII expression in MCF-7 cells had no effect on RII mRNA
expression,? suggesting that the increased TGFg, binding to
RII in the RIII cells was due to increased binding affinity as
observed in the myoblasts (27). It appears that the increased
TGFB, binding to RI resulted from the increased TGFB; bind-
ing to RIIL. Therefore, whether RIII is necessary for maintain-

A

Neo

RII

[oe)

Colony Number/well

0

Neo " ORI Neo+Tet.  Rill+Tet.

Fic. 7. Anchorage-independent colony formation in soft agar-
ose of the MCF-7 transfectants. Exponentially growing Neo and RIIT
cells (6,000 cells) were resuspended in 1 ml of 0.4% low melting point
agarose in the 10% FBS medium and plated on top of a 1-ml underlayer
of 0.8% agarose in a 6-well culture plate. Tetracycline treatment was
carried out as described under “Materials and Methods.” After 3 weeks
of incubation, cell colonies were visualized by staining with 1 ml of
p-iodonitrotetrazolium violet (panel A). The number of colonies were
counted in three wells for each treatment and presented as means +
S.E. (panel B).

ing an optimal autocrine TGFB; activity in a given cell type
appears to be dependent on the ratio of RII to RI.

In the myoblasts that lack RIII expression, expression of RIII
was shown to convert RII molecules into a single population
with high affinity (27). Due to its low expression level, we do
not know whether the two populations of RII also exist in
MCF-7 cells. The fact that their growth can only be inhibited by
high concentrations of exogenous TGFg; (20) suggests that
they contain the low affinity RII. Since the TGFg; neutralizing
antibody had no effect on the growth of the Neo cells, it appears
that they contain no or little high affinity RII which does not
confer a significant amount of autocrine TGFB; activity.

TGFB RI, RII, and RIII are widely expressed in many types
of normal and transformed cells (37). Whether RIII plays a role
in regulating autocrine TGF activity in certain types of nor-
mal cells remains to be elucidated. However, our data would
suggest that if a normal cell expresses less RII than RI, RIII
could be essential to confer TGF sensitivity. This could also be
the case during development of a cell or an organ when the
ratio of RII to Rl may vary at different stages. In transformed
cells including breast, colon, stomach, prostate cancer cells,
retinoblastoma cells, and lymphoma cells, RII is often down-
regulated (12-14, 17, 38-42). While in some cancers such as
colon and gastric cancers, the down-regulation of RII can be
due to gene mutation (12, 14, 15), in other cases, it may be due
to reduced gene expression as in the MCF-7 cells. If the latter
is true for a given type of transformed cells, RIII level will be
critical to the maintenance of the autocrine TGF activity and




Role of TGFB RIII in Autocrine TGFB Activity

consequently a less malignant phenotype of the cells. The fact
that the expression of RIII shown in this report can be as
effective as the expression of a moderate level of RII (20) in
suppressing the anchorage-independent growth of the MCF-7
cells demonstrates this important role of RIII in keeping the
autocrine TGFB,; activity at an optimal level. Since TGFf,
behaves similarly to TGFB, in receptor binding and TGFg,
requires RIII for binding to the signaling receptors (27), it is
conceivable that RIII can also be critical to the maintenance of
the autocrine activities of TGFB, and TGFB; in the cells that
express these two isoforms.

While exogenous TGF can inhibit the growth of many types
of transformed cells (4), studies have shown that in some sys-
tems, autocrine TGFB can render cells insensitive to the
growth inhibitory activity of exogenous TGFB, (18). This is
likely due to the fact that the cells not only produce high levels
of one or more TGFp isoforms, but also can activate them. In
TGFB;-transfected fibroblasts and fibrosarcoma cells, it was
found that a significant amount of cell-activated TGFg, was
bound to the cell surface even though very little activated
TGFB; could be detected in the conditioned medium (43). The
MCF-7 cells we used produced a readily detectable amount of
mature, activated TGFB; in the conditioned medium as shown
in Fig. 3. In addition, the cells express a low level of RII which
should be easily saturable by the ligand. Therefore, we hypoth-
esized that although RIII-enhanced TGFB, binding to the sig-
naling receptor RII, the reason that the sensitivity of the
MCF-7 cells to the growth inhibitory activity of the exogenous
TGFB; was not increased after RIII expression was due to the
fact that the autocrine TGFg; had generated a maximal level of
growth inhibition by saturating RII and/or the intracellular
signaling pathway. Since RIII is known to form a heteromeric
complex with RII in the presence of activated TGFB (27, 28), its
main role is probably to make the RII more accessible by the
ligand. In addition, by capturing and retaining ligand, RIIL
may protect the ligand from cellular degradation and/or inac-
tivation, rendering more ligand available for binding to the
signaling receptors. The RIII-enhanced autocrine TGFB, activ-
ity was demonstrated in the MCF-7 cells by the fact that a
TGFB, neutralizing antibody could partially reverse the RIII-
induced growth inhibition and gene expression.

Because of its short cytoplasmic domain with no consensus
signaling motif and its absence in some of the TGF 3-sensitive
cells, RIII has been regarded as a non-signaling, accessory
TGFB receptor. As a result, the RIII-generated growth inhibi-
tion we observed in MCF-7 cells was solely attributed to the
increased autocrine TGFB; binding to RII and, consequently
the activation of RI'RII receptor complex even though TGFpg,
neutralizing antibody only abrogated about one-third of the
RIll-induced growth inhibition as well as gene expression.
However, our study cannot rule out the possibility that RIII
may transduce signal by itself or in association with RII. We
are currently attempting to address this possibility.

In summary, our study showed that the expression of RIII
can lead to the inhibition of both anchorage-dependent and
anchorage-independent growth in MCF-7 cells. This is at least
in part mediated by RIII-restored autocrine inhibitory activity
of the endogenous TGFB;. RIII may be essential for an optimal
level of autocrine TGFB activity in various types of normal
cells. Its expression is likely to be critical for the maintenance
of the growth inhibitory activity of autocrine TGFf isoforms
and, consequently of a less malignant phenotype in other ade-
nocarcinoma cells with reduced RII expression.
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